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Summary

Sudden death and pump failure death are two major modes of death in patients
with heart failure and reduced ejection fraction (HFREF) and in patients with
heart failure and preserved ejection fraction (HFPEF).There have been
advances in evidence-based treatments in patients with HF -REFover t he last two
decades along with the changing patient characteristics in both HF-REF aand HF
PEF populations. It is of great interest and significance to discover if these
changes have translated into temporal changes (and corresponding trends over
time) in the risks of sudden death and pump failure death in both populations.
Apart from exam ining any changes in the rates of mode -specific death in
population level , it is also of interest and importance to estimate the risks for
sudden death and pump failure death in individual patients. Accurate risk
prediction can aid in better risk stratific ation. In patients with HF -REF,
identifying high-risk subgroups would help target the device therapy to those
most likely to benefit and identifying low -risk subgroups would avoid
unnecessary implantation, thus improving the cost -effectiveness of the thera py.
In patients with HF -PEF, identifying high-risk subgroups would enable further
research into the efficacy of device therapy in this population. The aims of this
work were to examine the trends in the rates of sudden death and pump failure
death over tim e in patients with HF -REF and in patients with HF-PEF, and to
separately develop validate d models to predict sudden death and pump failure

death in both populations.

Given that t here are limited data on mode -specific death from community -based
studies, | used data from clinical trials which have more detailed and
standardised sub-classification and adjudication of mortal events. Besides,
compared to community -based studies, clinical trial s have more detailed

baseline characterisation, which allows more ¢ omplete multivariable adjustment
to account for confounding and between -study differences. Therefore, a cohort
of 46,163 patients with HF -REF enrolled in 13 clinical trials conducted between
1995-2015 and a cohort of 10,517 patients with HF -PEFin 3 clinic al trials over

the period 1999-2013 were included in this thesis. Multiple linear regression
analysis was used to examine the trends in the rates of sudden death and pump

failure death over time in both populations respectively. The cumulative



incidences for sudden death and pump failure death in each trial at different
time points during follow -up were calculated with the cumulative incidence
function method , counting the competing risk of death from other causes. The
risk for each mode of death across tri al arms and by HF duration was examined
using the Cox regression models, with further adjustment for a number of
confounding variables. The models to predict sudden death and pump failure
death in patients with HF -REFwere separately developed in PARADIGMHF and
validated in ATMOSPHEREModels for both modes of death in HF-PEF were
developed in I-PRESERVE and validated in CHARPteserved as well as TOPCAT.
These models were constructed using a competing risk approach with the Fine -
Gray sub-distribu tional hazards regression analysis. Model performance was
examined by assessing calibration (i.e. the agreement between the observed and
predicted cumulative incidences over time) and discrimination (i.e. the ability to

separate patients at higher risk fro m those at lower risk).

| found that the risks of sudden death and pump failure death in patients with
HFREF have fallen across 13 clinical trials over the period 1995 -2015, consistent
with a cumulative use of evidence -based therapies in this population. The
absolute rates of sudden death and pump failure death were very low in the

early follow -up after randomisation in patients with HF -REFwho received
modern evidence-based treatment. Longer standing HF was associated with

greater risks of sudden death and, particularly, pump failure death in HF -REF.

The risks of sudden death and pump failure death were consistently low across
the 3 largest clinical trials in patients with HF -PEF, with little difference by
experimental treatment in any trial. There wasa downward trend in the rates of
sudden death and pump failure death across these trials over time, in parallel
with a changing characteristic of patients enrolled in these trials . Nevertheless,
sudden death and pump failure death remained the most common mo des of
death, altogether accounting for the majority of CV death. The absolute rates of
sudden death and pump failure death in patients with HF -PEF were extremely
low in the early follow -up after randomisation. Longer standing HF was
associated with a slig htly higher risk of sudden death and a substantially higher

risk of pump failure death in HF -PEF.



The sudden death and pump failure death models in patients with HFREFI
developed in the largest and most contemporary cohort (PARADIGM-HF),
included a number of variables collected in routine clinical practice, and
accounted for the prognostic impact of the competing risk of death from other
causes. The discriminating ability was modest for the sudden death model but
excellent for the pump failure death model . Both models showed good

calibration and were robust when externally validated in ATMOSPHERE.

The prognostic models in patients with HF -PEF | developed in FPRESERVE, using
simple demographic and clinical variables , showed good discrimination and
calibration for both sudden death and pump failure death, and were robust in
external validation in CHARM-Preserved and TOPCATThe performance of both

models was further improved with the i nclusion of NT-proBNP.

In conclusion, | have found that the risks of sudden death and pump failure

death have declined over time both in patients with HF -REF and in patients with
HFPEF based on clinical trial data. The patterns of change in the rates of both
modes of death over time need to be examined in community -based populations.
The prognostic models for both modes of death, showing reasonable
performance, can be considered for use in risk stratification for mode -specific
death in both populations, aiding in decision making in device therapy in similar
patients in HF-REF and helping with patient selection for device interventions in
future trials in HF -PEF.



Tabl e of Content s

Summary 2
Table of Contents 5
List of Tables 9
List of Figures 11
Publications related to work in this thesis 15
Presentations to learned societies 15
Acknowledgements 16
Aut hords decl aration 17
Abbreviations 18
Chapter 1 Intr oduction and literature review 22
1.1  Overview of heart failure 23
1.1.1 Definition and diagnosis of heart failure 23
1.1.2 Classification of heart failure 23
1.1.3 Incidence and prevalence of heart failure 24
1.1.4 Treatment of heart failure 25
1.1.5 Prognosis of heart failure 29
1.2  Sudden death and pump failure death in heart failure 30
1.2.1 Classification of mode -specific death 30
1.2.2 Risk of mode-specific death in heart failure 31
1.2.3 Effects of heart failure treatment on mode -specific death 32
1.2.4 Summary 35

1.3  Prognostic models for sudden death and pump failure death in heart
failu re 36
1.3.1 Methods 36
1.3.2 Results 38
1.3.3 Summary 59
Aims and Objectives 60
Aims 60
Objectives 60
Chapter 2 Methods 62
2.1  Study population 62
2.2 Outcomes of interest 66
2.3  Statistical analyses 70
2.3.1 Descriptive statistics 70
2.3.2 Handling missing data 70

2.3.3 Survival data and censoring 71




2.3.4

2.3.5
2.3.6
2.3.7
2.3.8
2.3.9

Overview of survival analysis: conventional vs. competing risk
methods

Model validation

2.3.10 Individual risk estimation

2.3.11 Statistical software packages

72
Estimation of the event probability (or cumulative incidence) 73
Regression models for survival data 74
Model validity assessment 77
Model performance assessment 78
80
81
81

Chapter 3 Rates of sudden death and pump failure death over time in HF -REF

81
3.1 Methods 82
3.1.1 Study population 82
3.1.2 Outcomes of interest 83
3.1.3 Adjustment for potential confounding variables 83
3.1.4 Statistical analyses 84
3.2 Results 86
3.2.1 Baseline characteristics of study population 86
3.2.2 Baseline characteristics of patients with sudden death 89
3.2.3 Baseline characteristics of patients with pump failure death 94
3.2.4 Sudden death rates in each trial and in each arm of each trial 99
3.2.5 Pump failure death rates in each trial and in each arm of each
trial 107
3.2.6 Sudden death at different time points during follow -up 115
3.2.7 Pump failure death at different time points during follow -up__ 115
3.2.8 Sudden death according to HF duration 116
3.2.9 Pump failure death according to HF duration 117
3.3  Discussion 118
3.4  Summary 121
Chapter 4 Developing models to predict sudden death and pump failure death
in HF-REF 123
4.1 Methods 123
4.1.1 Study population 123
4.1.2 Candidate prediction variables 123
4.1.3 Statistical analysis 123
4.2 Results 124
4.2.1 Patient characteristics and mortality events 124
4.2.2 Derivation of the model to predict sudden death 126
4.2.3 Derivation of the model to predict pump failure death 129
4.2.4 Performance of the models 133




7

425 Predicting an _individual s r i sli6

4.3  Discussion 138
4.4  Summary 141
Chapter 5 Validating models to predict sudden death and pump failure death in
HFREF 142
5.1 Methods 142
5.1.1 The prognostic models to be validated 142
5.1.2 The validation cohorts 143
5.1.3 Statistical analysis 143
5.2 Results 145
5.2.1 Patient characteristics and events in ATMOSPHERE (versus
PARADIGMF) 145
5.2.2 Validation of the models derived from PARADIGM-HF 146
5.2.3 Validation of SHFM in ATMOSPHERE and PARAD{EM 149
5.2.4 Validation of SPRM in ATMOSPHERE and PARADIBM 155
5.3 Discussion 157
5.3.1 What is external validation? 158
5.3.2 Why is external validation necessary? 158
5.3.3 Validation of models for mode -specific death derived from
PARADIGMHF 159
5.3.4 Validation of SHFM in the modern cohorts 160
5.3.5 Validation of SPRM in the modern cohorts 161
54 Summary 162
Chapter 6 Ratesof sudden death and pump failure death over time in HF -PEF
164
6.1 Methods 164
6.1.1 Study population 164
6.1.2 Outcomes of interest 165
6.1.3 Adjustment for potential confounding variables 165
6.1.4 Statistical analyses 166
6.2 Results 167
6.2.1 Baseline characteristics of study population 167
6.2.2 Baseline characteristics of patients with sudden death 170
6.2.3 Baseline characteristics of patients with pump failure death 172
6.2.4 Sudden death rates in each trial and in each arm of each trial 174
6.2.5 Pump failure death rates in each trial and in each arm of each
trial 181
6.2.6 Sudden death and pump failure death at different time points during
follow -up 186

6.2.7 Sudden death and pump failure death according to HF duration _ 187



8

6.3  Discussion 189
6.4 Summary 193
Chapter 7 Developing and validating models to predict sudden death and pump
failure death in HF -PEF 194
7.1  Methods 195
7.1.1 The derivation cohort and candidate prediction variables 195
7.1.2 The validation cohorts 195
7.1.3 Statistical analysis 195
7.2 Results 197
7.2.1 Patient characteristics and events in the derivation cohort 197
7.2.2 Derivation of the sudden death models 200
7.2.3 Derivation of the pump failure death models 205
7.2.4 Performance of the derived models 211
7.2.5 External validation of the models in CHARM-Preserved 216
7.2.6 External validation of the models in TOPCAT 219
727 Predicting an _individual ds r i sd2
7.3  Discussion 225
7.4  Summary 229
Chapter 8 Discussion 230
8.1 Summary of findings 230
8.1.1 Rates of mode-specific death in HF -REF and HHPEF 230
8.1.2 Clinical benefit, side effects and cost -effectiveness of ICD
therapy 232
8.1.3 Models to predict sudden death 236
8.1.4 VADs and heart transplantation, and models to predict pump failure
death 239
8.2  Limitations of the studies 240
8.3  Future areas of research 242
8.4  Conclusions 244
Appendices 246

List of References 258




Li st of Tabl es

Table 1-1 Study and patient characteristics for sudden death models 40
Table 1-2 Study and patient characteristics for pump failure death models 42
Table 1-3 Event number and definition, and model construction and performance
for sudden death models 47
Table 1-4 Event number and definition, and model construction and performance
for pump failure death models 52
Table 2-1 Design of the included clinical trials in HF -REF 63
Table 2-2 Design of the included clinical trials in HF -PEF 66
Table 2-3 Definitions of sudden death and pump failure death used in the

included trials 67

Table 3-1 Baseline characteristics of patients in the included trials in  HFREF_87
Table 3-2 Baseline characteristics of patients with and without sudden death in

the included trials in HF -REF 90
Table 3-3 Baseline characteristics of patients with and without pump failure

death in the included trials in HF -REF 95
Table 3-4 Annual rates and cumulative incidences of sudden death at different
time points in the included trials in HF -REF (treatment arms combined) 100

Table 3-5 Annual rates and cumulative incidences of pump failure death at
different time points in the included tr ials in HF-REF (treatment arms combined)

108
Table 4-1 Baseline characteristics in PARADIGMHF and ATMOSPHERE 125
Table 4-2 Univariate and multivariable predictors for sudden death in PARADIGM -
HF 127
Table 4-3 Univariate and multivariable predictors for pump failure death in
PARADIGMHF 130
Table 5-1 Baseline characteristics in the SHFM cohort and in ATMOSPHERE and
PARADIGMHF 150
Table 5-2 Discrimination ability of SHFM in the validation cohorts (versus the
derivation cohort) 151
Table 5-3 Baseline characteristics in the SPRM cohort and in ATMOSPHERE and
PARADIGMHF 155

Table 6-1 Baseline characteristics of patients in the included trials in HF -PEF 168
Table 6-2 Baseline characteristics of patients with and without sudden death in

the included trials in HF -PEF 170
Table 6-3 Baseline characteristics of patients with and without pump failure

death in the included trials in HF -PEF 172
Table 6-4 Annual rates and cumulative incidences of sudden death at different
time points in the included trials in HF -PEF (treatment arms combined) 174

Table 6-5 Annual rates and cumulative incidences of pump failure death at
different time points in the included trials in HF  -PEF (treatment arms combined)
181




10

Table 7-1 Baseline characteristics of patients with HF -PEF in the derivation and

validation cohorts 198
Table 7-2 The 25 most powerful predictors for sudden death based on univariate
analysis in I-PRESERVE 200
Table 7-3 Multivariable models for sudden death in | -PRESERVE 202
Table 7-4 The 25 most powerful predictors for pump failure death based on
univariate analysis in | -PRESERVE 205

Table 7-5 Multivariable models for pump failure death in 1 -PRESERVE 207



11

Li st of Figures

Figure 2-1 Calibration graph - an example 79
Figure 2-2 ROC curve- an example 80
Figure 3-1 CONSORT diagram for trial selection in HFREF 83

Figure 3-2 Cumulative incidence curves for sudden death by tria Is in HF-REF_ 99
Figure 3-3 Trends in the sudden death rate across trial arms over time in HF -REF

101
Figure 3-4 Trends in the all -cause death rate across trial arms over time in HF -
REF 102
Figure 3-5 Proportions of sudden death and pump failure death relative to
overall mortality across the trials in HF -REF 102

Figure 3-6 Hazard ratio for sudden death across the trial arms in HF -REF with
incremental use of evidence -based medications 104

Figure 3-7 Hazard ratio for sudden death across the trial arms in HF -REF with
incremental use of evidence -based medications, with adjustment for 8
conventional covariates 104

Figure 3-8 Hazard ratio for sudden death across the trial arms in HF -REF with
incremental use of evidence -based medications, with adjustment for 8
conventional covariates and eGFR 105

Figure 3-9 Hazard ratio for sudden death across the trial arms in HF-REF with
incremental use of evidence -based medications, with adjustment for 8

conventional covariates, eGFR and NT-proBNP 106
Figure 3-10 Cumulative incidence curves for pump failure death by trials in HF -
REF 109
Figure 3-11 Trends in the pump fai lure death rate across trial arms over time in
HFREF 109
Figure 3-12 Trends in the pump failure death rate across trial arms over time in
HF~REF, with the exclusion of RALES and BEST 110
Figure 3-13 Hazard ratio for pump failure death across the trial arms in HF-REF
with incremental use of evidence -based medications 111

Figure 3-14 Hazard ratio for pump failure death across the tria | arms in HF-REF
with incremental use of evidence -based medications, with adjustment for 8
conventional covariates 112

Figure 3-15 Hazard ratio for pump failure death across the trial arms in HF -REF
with incremental use of evidence -based medications, with adjustment for 8
conventional covariates and eGFR 113

Figure 3-16 Hazard ratio for pump failure death across the trial arms in HF -REF
with incremental use of evidence -based medications, with adjustment for 8
conventional covariates, eGFR and NT-proBNP 114

Figure 3-17 Cumulative incidence curves for sudden death over time in HF -REF
according to the length of time between diagnosis of HF and randomisation
(trials with data available combined) 116




12

Figure 3-18 Cumulative incidence curves for pump failure death ov er time in HF -
REF according to the length of time between diagnosis of HF and randomisation
(trials with data available combined) 117

Figure 4-1 Histograms of systolic BP (A), QRS duration (B) and log NFproBNP (C)
and the corresponding spline curves with the risk of sudden death in PARADIGM-
HF 128

Figure 4-2 Histograms of systolic BP (A), serum creatinine (B), serum albumin
(C), serum chloride (D) and log NT-proBNP (E) and the corresponding spline
curves with the risk of pump failure death in PARADIGM -HF 131

Figure 4-3 Observed vs. predicted cumulative incidence curves for sudden death
by quartiles of the risk score based on the sudden death model in PARADIGMHF
133

Figure 4-4 Observed vs. predicted cumulative incidence curves for pump failure
death by quartiles of the risk score based on the pump failure death model in
PARADIGMHF 134

Figure 4-5 Cumulative incidence curves for sudden deat h by tertiles of systolic
BP (A) and for pump failure death by tertiles of serum albumin (B) in PARADIGM -

HF 135
Figure 4-6 Distribution of the risk score for sudden death and its relation to the
cumulative incidence of sudden death within 3 years in PARADIGM-HF 136

Figure 4-7 Distribution of the risk score for pump failure death and its relation to
the cumulative incidence of pump failure death within 3 years in PARADIGM -HF

137
Figure 5-1 Distribution of the individual risk score for sudden death in
ATMOSPHERE (A) and PARADHEIH (B) 146
Figure 5-2 Distribution of the individual risk score for pump failure death in
ATMOSPHERE (A) and PARADHEIM (B) 147
Figure 5-3 Observed vs. predicted cumulative incidence curves for sudden death
by quartiles of the risk score in ATMOSPHERE 148
Figure 5-4 Observed vs. predicted cumulative incidence curves for pump failure
death by quartiles of the risk score in ATMOSPHERE 149

Figure 6-1 Cumulative incidence curves for sudden death by trials in HF -PEF_175

Figure 6-2 Trends in the sudden death rate across trial arms over time in HF -PEF
175

Figure 6-3 Trends in the sudden death rate across trial arms over time in HF -PEF
with the exclusion of patients with a LVEF below 45% in CHARM-Preserved __ 176

Figure 6-4 Proportions of sudden death and pump failure death relative to

overall mortality across the trials in HF -PEF 176
Figure 6-5 Trends in the all -cause death rate across trial arms over time in HF -
PEF 177
Figure 6-6 Trends in the non-CV death rate across trial arms over time in HF -PEF
177
Figure 6-7 Hazard ratio for sudden death across the trial arms in HF -PEF 178

Figure 6-8 Hazard ratio for sudden death across the trial arms in HF -PEF with
adjustment for 8 conventional covariates 179




13

Figure 6-9 Hazard ratio for sudden death across the trial arms in HF -PEF with

adjustment for 8 conventional covariates and eGFR 179
Figure 6-10 Hazard ratio for sudden death across the trial arms in HF -PEF with
adjustment for 8 conventional covariates, eGFR and NT -proBNP 180
Figure 6-11 Cumulative incidence curves for pump failure death by trials in HF -
PEF 182
Figure 6-12 Trends in the pump failure death rate across trial arms over time in
HF~PEF 182

Figure 6-13 Trends in the pump failure death rate across trial arms over time in
HFPEF with the exclusion of patients with a LVEF below 45% in CHARM

Preserved 183
Figure 6-14 Hazard ratio for pump failure death across the trial arms in HF -PEF
184
Figure 6-15 Hazard ratio for pump failure death across the trial arms in HF -PEF
with adjustment for 8 conventional covariates 184

Figure 6-16 Hazard ratio for pump failure death across the trial arms in HF -PEF
with adjustment for 8 conventional covariates and eGFR 185

Figure 6-17 Hazard ratio for pump failure death across the trial arms in HF -PEF
with adjustment for 8 conventional covariates, eGFR and NT -proBNP 185

Figure 6-18 Cumulative incidence curves for sudden death over time in HF -PEF
according to the length of time between diagnosis o f HF and randomisation
(trials with data available combined) 187

Figure 6-19 Cumulative incidence curves for pump failure death o ver time in HF -
PEF according to the length of time between diagnosis of HF and randomisation
(trials with data available combined) 188

Figure 7-1 Model construction steps in HF-PEF 196

Figure 7-2 Histograms of age (A), LVEF (B), serun albumin (C), and NT-proBNP
(D) and the corresponding spline curves with the risks of sudden death in | -
PRESERVE 203

Figure 7-3 Histograms of age (A), LVEF (B), diastolic BP (C), serum potassium (D),
albumin (E), creatinine (F) and NT -proBNP (G) and the corresponding spline
curves with the risks of pump failure death in| -PRESERVE 208

Figure 7-4 Observed vs. predicted cumulative incidence curves for sudden death
by tertiles of the risk scores based on the sudden death models in | -PRESER\E?2

Figure 7-5 Observed vs. predicted cumulative incidence curves for pump failure
death by tertiles of the risk scores based on the pump failure death models in |-

PRESERVE 213
Figure 7-6 Cumulative incidence curves for pump failure death by tertiles of

serum creatinine leve | in | -PRESERVE 215
Figure 7-7 Observed vs. predicted cumulative incidence curves for sudden death
by tertiles of the risk scores in CHARMPreserved 217
Figure 7-8 Observed vs. predicted cumulative incidence curves for pump failure
death by tertiles of the ri sk scores in CHARMPreserved 218

Figure 7-9 Observed vs. predicted cumulative incidence curves for sudden death
by subgroups of the risk scores in TOPCAT 220




14

Figure 7-10 Observed vs. predicted cumulative incidence curves for pump failure
death by subgroup of the risk scores in TOPCAT 221

Figure 7-11 Distribution of the risk scores for sudden death based on Model 1 (A)
and Model 4 (B) and its relation to cumulative incidences within 4 yearsin| -
PRESERVE 223

Figure 7-12 Distribution of the risk scores for pump f ailure death Model 1 (A) and
Model 4 (B) and its relation to cumulative incidences within 4 yearsin| -
PRESERVE 224




15
Publi cations rel atleelsit ® wor

Shen L, Jhund PS, Petrie MC, Claggett BL, Barlera S, Cleland JGF, Dargie HJ,
Granger CB, Kjekshus J, Kgber L, Latini R, Maggioni AP, Packer M, Pitt B,
Solomon SD, Swedberg K, Tavazzi L, Wikstrand J, Zannad F, Zile MR, McMurray
JJV. Declining Risk of Sudden Death in Heart Failure. New Engl J Med 2017,
377:41-51.

Shen L, Jhund PS, Shi VC, Rouleau JL, Solomon SD, Swedberg K, Zile MR, Packer
M, McMurray JJV and on behalf of PARADIGNHF Executive Committee.

Predicting sudden death and pump failure death i n patients with heart failure

and reduced ejection fraction: competing risk regression analyses of the
PARADIGMHF trial [Abstract]. Eur Heart J (2016) 37 (suppl_1): 21.

ShenlL, Jhund PS, Pitt B, Zannad F, McMurray JJV. Temporal trends in sudden
death in p atients with heart failure and reduced ejection fraction: an analysis of
the RALES and EMPHASHE- trials [Abstract] . European Journal of Heart Failure
(2015) 17 (Suppl. 1): 266.

Presentati onsoctioetlieeasr ned s

ESC Congress 2016, Rome, Italy. 2731" August 2016. Shen L, Jhund PS, Shi VC,
Rouleau JL, Solomon SD, Swedberg K, Zile MR, Packer M, McMurray JJV and on
behalf of PARADIGMHF Executive Committee. Predicting sudden death and
pump failure death in patients with heart failure and reduced ejection f  raction:

competing risk regression analyses of the PARADIGIVHF trial. Moderate Poster.

ESCHeart Failure Congress 2015and the 2nd World Congress on Acute Heart
Failure, Seville, Spain 239-26" May, 2015 ShenL, Jhund PS, Pitt B, Zannad F,
McMurray JJV. Temporal trends in sudden death in patients with heart failure
and reduced ejection fraction: an analysis of t he RALES and EMPHASHS- trials.
Rapid Fire Abstract .



16
Acknowl edgement

Firstly I would like to thank Professor John McMurray, who accepted me as his
PhD student and offered me his mentorship. This work would not have been
possible without his guidance and support. | am grateful for the training
opportunities he has provided to develop my transferable skills, and f or his
thoughtfulness and help duri ng my life as an international student. His insights

into and passion towards scientific research has always inspired me to do more.

| would also like to thank my co -supervisor Dr Pardeep Jhund for being an
excellent teacher who has combined teaching and guidance perfectly, for
introducing me into the world of statistics, and believing in my potential and
pushing me towards it, for his expertise and valuable advice on research
governance, and for his encouragement and support to help me overcome the

hurdles in research and life.

Special thanks to Dr Kieran Docherty for proofreading and his timely help. Many
thanks to the colleagues who work in the heart failure research group,

particularly, Eugene, Jane, Ross, and Jo for their support.

In addition to the p eople who participated in the clinical trials, | would like to
thank all those involved in these studies; their work and efforts made th ese

invaluable data available for t he work in this thesis.

| am grateful to the China Scholarship Council for supporting this work through a

doctorate research scholarship.

Finally, I would like to thank my family. To my aunt, Jody, for staying in touch
and having been my best counsellor throughout this research. To my beloved
parents, for their selfless love and unconditi onal support; although they hardly
understood what research | worked on, they have always believed in me and
provided me with the liberty to pursue my chosen path. Special thanks to my
parents-in-law, for their love and moral support. Lastly, thanks to my dearest
husband, Xin, for his love, for abiding my absence, for always being there during
the happy and difficult moments, for showing faith in me and giving me strength

during my pursuit of PhD degree.



17

Aut hadedbarati on

| declare that, except where e xplicit reference is made to the contribution of
others, this thesis is the result of my own work and has not been submitted for

any other degree at the University of Glasgow or any other institution.

Li Shen



Abbreviati ons

95% CF 95% confidence interval
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CMR- cardiovascular magnetic resonance

CMR GUIDE the Cardiovascular magnetic resonance-GUIDEd management of
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Failure
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HF - heart failure
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KM- Kaplan-Meier
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NSVT nonsustained ventricular tachycardia

NT-proBNP- N-terminal pro -B-type natriuretic peptide

NYHA- New York Heart Association

PAD- peripheral artery disease

PARADIGMF - the Prospective comparison of ARNI with ACEI to Determine
Impact on Global Mortality and morbidity in Heart Failure

PARAGOMHF - Prospective Comparison of ARNI with ARB Global Outcomes in HF

With Preserved Ejection Fraction
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PARAMOUNT Prospective comparison of ARNI with ARB on Management Oteart
failUre with preserved ejectioN fracTion

PCI- percutaneous coronary intervention

PERCHEF- Perindopril in Elderly People with Chronic Heart Failure

PH - proportional hazards

PRAISE Prospective Randomized Amlodipine Survival Evaluation
PROMISE Prospective Randomized Milrinone Survival Evaluation

PTCA- percutaneous transluminal coronary angioplasty

QALY- quality -adjusted life years

RALES Randomized Aldactone Evaluation Study

RCT - randomised controlled trial

RENAISSANCERandomized Enbrel North American Strategy to Study Antagonism
of Cytokines

RESEISCD- REevaluation of optimal treatment Strategies for prEvenTion of
Sudden Cardiac Death in patients with ischemic cardiomyopathy

ROC AUG area under the curve of receiver operating characteristic curve
SBP- systolic blood pressure

SCDBHeFT - the Sudden Cardiac Death in Heart Failure trial

SDNN standard deviation of all normal -to-normal RR intervals
SENIORS the Study of Effects of Nebivolol Intervention on Outcomes and
Rehospitalization in Seniors With Heart Failure

SHFM Seattle Heart Failure Model

SPRM Seattle Proportional Risk Model

TOPCAT- Treatment of Preserved Cardiac Function Heart Failure with an
Aldosterone Antagonist

TSH- thyroid -stimulating hormone

UK - United Kingdom

UK-HEART- United Kingdom-heart failure evaluation and assessment of risk trial
US- United States

VAD- ventricular assist device

Val-HeFT - the Valsartan Heart Failure T rial

VPB- ventricular premature beat

VT - ventricular tachycardia

VF - ventricular fibrillation
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Chapterl I ntroduction and |

In this thesis, | will examine the risk s of sudden death and pump failure death
over time in patients with heart failure and reduced ejection fraction (HF -REF)
and heart failure and preser ved ejection fraction (HF -PEF). | will develop and
validate models to predict sudden death and pump failure death separately in

both populations.

In the first chapter | will give an overview of heart failure  (HF), and the two
major modes of death, i.e. sud den death and pump failure death, in heart
failure. Thereatfter, | will review the literature on prognostic models that have

been published for sudden death and pump failure death in heart failure.

In the second chapter | will introduce and describe the datasets and study
population s used to derive and validate the models before describing the

statistical methods used for the analyses in this thesis.

In Chapter 3 | will describe the risks of sudden death and pump failure death

over time in patients with HF -REF enrolled in the major clinical trials  of
therapies for HF-REF | will develop risk models to predict sudden death and
pump failure death separately in patients with HF -REF in Chapter 4 and validate

them in an independent cohort in Chapter 5.

In Chapter 6 | will examine the risks of sudden death and pump failure death
over time in patients with HF -PEF enrolled in the clinical trials in this
population. | will construct models to predict sudden death and pump failure
death separately in patients with HF -PH-, and externally validate them in

independent cohorts in Chapter 7.

Finally, I will discuss my findings and their implications in Chapter 8.
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1.10verview of heart fail ur e

1.11Definition and diagnosis of hear

The European Society of Cardiology defines heart failure (HF) as 0an abnormality
of cardiac structure or function leading to failure of the heart to deliver oxygen
at a rate commensurate with the requirements of the metabolizing tissues,
despite normal fil ling pressures (or only at the expense of increased filling

pr es s uwhlesthetAmerican College of Cardiology Foundation
(ACCFJAmerican Heart Association (AHA)d e f i n e s cdmiplexactinical a
syndrome that results from any structural or functional impairment of

ventricularfil 1 i ng or ejeétion of bloodo¢.

Irrespective of the definition, clinically, = HF iswidely recognised as a syndrome
with typical symptoms (e.g. dyspnoea, fatigue and exercise intolerance) an d/or
signs (e.g. peripheral oedema, elevated jugular venous pressure, pulmonary
crackles) caused by an abnormality of cardiac structure and/or function. 13
These symptoms and signs can be identified based on medical history and
physical examination, but many of them are non -specific and, therefore, are of
limited diagnostic value; besides, before clinical symptoms/signs become
apparent, patients can present with left ventricular dysfunction i.e.
asymptomatic structural or functional cardiac abnormality , which is associated
with increased risk of HF and death.# Consequently, determination of an
underlying cardiac cause is pivotal to the diagnosis of HF, and this evidence can
be obtained from plasma natriuretic peptides (NPs) measurements,

electrocardiogr aphic (ECG) and echocardiographc evaluation. 13

1.12Cl assi fication of heart failure

The left ventricular ejection fraction (LVE F) is central to the classification of
patients with HF, not only because of different underlying aetiologies,
demographics, comorbidities, prognosis and response to treatment, but also
because most clinical trials selected patients based on LVEF. Mathemat ically,
LVEF is the stroke volume (the end-diastolic volume minus the end -systolic
volume) divided by the end -diastolic volume in the left ventricle, which is

usually measured using echocardiography, radionuclide technique s, ventricular
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angiography or cardiac magnetic resonance imaging; a normal LVEF is generally

considered to be >50%.

Based on LVEF, HF igypically classified as HF with reduced ejection fraction
(HFREF),HF with preserved ejection fraction (HF -PEF) and HF with mid -range
ejection fractio n (HFMREF), respectively. 23 HFREFhas been variably classified
as LVEF(B5%,310%, and <40% in guidelinest3 randomised controlled trials
(RCTs) in HFREF have mainly enrolled patients with a n LVEF(B59% ¢ or (G40%7: 8
The diagnosis of HFPEF requiresLVEF(b0%according to the latest guidelines, 23
and patients with LVEF between 40% and 49% are considered to have HAVIREF 2 3
However, historically, the HFPEFtrials used different cut-off values of LVEF
including >4098 10, (15%1- 12 and >45%!3 in other words, patients with HF -MREF
have generally been included in the trials of HF -PEF.The diagnosis of HFPEF is
more difficult than the diagnosis of HF -REF because it is largely one of exclusion
of other potentia | non-cardiac causes of symptoms suggestive of HF. Patients
with HF-PEF generally do not have a dilated left ventricle or markedly reduced
contractility (i.e. systolic dysfunction), but instead have an increase in left
ventricular wall thickness and left a trial size (reflecting diastolic dysfunction).
Patients with HF -PEF tend to be older, more often female and obese with a
history of hypertension and are less likely to have coronary heart disease ,
compared to patients with HF -REF. Overall, prognosis is beter in patients with
HFPEF than those with HFREF, although it is only in patients with HF -REF that
therapies have been shown to reduce morbidity and mortality; none of the
experimental therapies from RCTs has been demonstrated efficacy in patients
with H F-PEF to date.

113 nci dence and prevalence of hear

The incidence of HF varies largely across studies reflecting difference in the
diagnostic criteria applied and population studied (demographic composition,
geographic region and time frame) ; in general, the reported incidence ranges
from 1 to 9 cases per 1000 person-years.'*18 Qverall, HF occurs more frequently
in the elderly than in a young population, and the incidence is higher in men

than in women. 1° Data on temporal trends suggest that the incidence of HF may
have stabilised and possibly be declining over time in both Europe and the
United states (US. A Swedish study, based on a health register in Stockholm
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comprising 2.1 million people, reported an age- and sex-adjusted HF incidence
of 3.8/ 1000 person-years in 2010 with a 24% declinecompared to their national
health data in 2006.17 This result was echoed by a Scottish national -level study
based on 5.1 million people, which showed the age-standardised incidence of
fir st HF hospitalisation declined from 1.62/1000 person -years in 1994 to
1.05/1000 person-years in 2003 in men (a very similar trend for women) .2°
Likewise, in the Olmsted County cohort from the US, the age - and sex-adju sted
incidence of HF decreased substantially from 3.2 to 2.2 per 1000 person -years
between 2000 and 2010, a 37.5% decrease over the decade® A decline in the
incidence was observed both for HFREF and HHAPEF, but lesspronounced in HF-
PEF16

HF affects about 1-3% of the adult population in the developed countries: an
estimated 900,000 people live with HF in the United Kingdom (UK),2* and this
figure is about 6.5 million (2.5%) in the US .?? Similarly, the estimated prevalence
of HF is 2.2% in Sweden?’ Overall, the estimated prevalence of HF is over 37.7
million worldwide. 4 The prevalence of HF increases with age, rising from 1.4 -
1.9% among those aged 4059 years to 13.4-14.1% among thoseCBO years of age
based on the 2011-2014 USNational Health and Nutrition Examination Survey .22
These numbers are commensurate with the previous data from the Rotterdam
study. 23 Despite promising data suggesting the HF incidence is possibly
decreasing, the prevalence of HF continues to rise, probably driven by the aging
population, better prognosis of coronary heart disease, and improved survival as
a result of better treatment and management of this disease. 2 2 22 The reported
prevalence of HF-PEF vares from 22% to 73% of all HF cases depending partly on
the definition used and population studied , and based on the available data.
Studies have reported that the proportion of patients with HF -PEF is increasing

over time, 16.24.25

1.14Tr eat ment of heart failure

The goals of treatment in patients with HF are to relieve symptoms, improve
functional capacity and quality of life, prevent hos pital admission and improve

survival.
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Some pharmacological therapies have proven to reduce hospitalisation and
mortality in patients with symptomatic[ New York Heart Association (NYHA)
functional class IFIV] HFREF. These include three pivotal neurohumor al
antagonists, that is, angiotensin convert ing enzyme inhibitor s (ACEI) [or an
angiotensin receptor blocker (ARB)], a beta -blocker and a mineralocorticoid
receptor antagonist (MRA), which can modify HF progression and have been
recommended for treatment i n every patient with HF -REF, unlessnot tolerated
or contraindicated .%2 Very recently, inthe Prospective comparison of ARNI with
ACEI to Determine Impact on Global Mortality and morbidity in Heart Failure
(PARADIGMHF), LCZ696 orsacubitril/ valsartan, a combination of a neprilysin
inhibitor and an ARB, hasdemonstrated superiority over enalapril (an ACEI) in
reducing the risks of both mortality and HF hospitalisation, and is recommended
as a replacement of ACElIls or ARBs in patiens who remain symptomatic despite
optimal medical therapy and who meet the trial criteria. 32627 |vabradine, a
sinoatrial node modulator , reduces heart rate and has been shown to reduce the
risk of cardiovascular (CV) death or HF hospitalisation , and has been
recommended in selected patients with HF -REF in $nus rhythm with a resting
heart rate 70 beats/min .3 2628 |n conjunction with these evidence-based
medications, diuretics are recommended and commonly used to alleviate the
symptoms of congestion,? 2 although the effect of d iuretic s on morbidity and

long-term survival in patients with HF has ye t to be examined.

For device therapies, cardiac resynchronisation therapy (CRT) has been
demonstrated to reduce all-cause mortality and hospitalisation for CVcauses
and relieve symptoms and improve quality of life in selected patients with HF -
REF2% 30 Accordingly, CRT is recommerded in patients with HF -REF andQRS

duration G130 ms and more specific indications are noted in the guidelines .23

Implantable cardioverter defibrillators (ICDs) are highly effective in correcting

lethal ventricular tachyarrhythmias. Two landmark trials have provided data on
the primary prevention of sudden death by an ICD in patients with HF-REF i.e.
the Multicenter Automatic Defibrillator Implantation Trial -1l (MADITFII) in 2002
and the Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT)in 2005.3% 32 |n
detail, MADIT-II included 1232 patients with a prior myocardial infarction and a

L VEF @8l @sgeé of an ICD was associated with a31% reduced riskof overall
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mortality [Hazard ratio (HR) 0.69, 95%confidence interval ( Cl) 0.51-0.93,
p=0.016] and an absolute decrease in the mortality rate of 9% after 3 years (from
31% to 22%)! In SCBHeFT, ICD treatment reduced all-cause death by 23% (HR
0.77, 95% CI1 0.620.96, p=0.007) in patients with NYHA class II-lll HF and a LVEF
O 3 5 With an absolute reduction in the mortality rate of 7% in 5 years (from 36%
to 29%) 32 The effect on all -cause death did not vary according to the cause of
HF (p value for interaction 0.68) , but there was only a trend in the reduction of
all-cause death either in the ischaemic (HR 0.79, 97.5% CI 0.60-1.04, p=0.05) or
non-ischaemic (HR 0.73, 97.5% CI 0.501.07, p=0.06) subgroup.3? One year before
the publication of SCDHeFT, the Defibrillators in Non-Ischemic Cardiomyopathy
Treatment Evaluation (DEFINITE study did not find a significant survival benefit

of ICD (HR 0.65, 95% CI 0.4a1.06, p=0.08) in 458 patients with non -ischaemic
cardiomyopathy who had a LVEF <36% and NYHA classlll symptoms. 33
Nevertheless, in a meta-analysis by Desaiet al. of 5 trials including 1854
patients with non -ischaemic HF, use of an ICD was associated with a 31%
decreased risk of all -cause death (HR 0.69, 95% CI 0.580.87, p=0.002).34 These
decade-old studies are the basis of the evidence for the recommendations of ICD
implantation in the current guidelines. 2 2 However, there is an inco nsistency in
the level of evidence for non -ischaemic cardiomyopathy between the current
American and European guidelines.? 2 In the American guidelines, the findings
from the SCDBHeFT and MADITII led to class IA recommendations of ICD
implantation for primary prevention of sudden death in patients with NYHA class
-l 1'l sympt omat i ¢ HvAth ronitlereace hetweeR patests Wih
ischaemic and non-ischaemic causes? By contrast, in the European guidelines,
findings from the DEFINTE trial, the subgroup analysis of the SCD-HeFT and the
meta-analysis by Desaiet al. altogether led to class IB recommendation for
patients with non -ischaemic HF, as opposed to class IA recommendation for

patients with ischaemic HF. 3

It is worth to mention that since the publication of SCDHeFT, there has been an
increasing use of evidence-based therapies including beta-blockers, MRAsand
CRT In SCDBHeFT, only 69% of patients received a beta-blocker at baseline , and
19% received a MRA and noneeceived CRT 32 Very recently, in the DANish study
to assess the efficacy of ICDs in patients with non -ischemic Systolic Heart failure

on mortality (DANISH),more than 90% of patients received a beta -blocker at
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baseline and nearly 60% received a MRA ancb8% received CRT® After a median
67.6 months of follow -up, the study did not find a significant survival benefit of
ICD (HR 0.87, 95% CI 0.68.12, p=0.28). However, there was an interaction
between the ICD effect and age (p value for interaction 0.009) . Use of an ICD
was associated with a 36% lower risk of all-cause death in patients younger than
68 years (HR 0.64, 95% CI 0.450.90, p=0.01), but not in patient
1.19, 95% CI 0.821.73, p=0.38). The effect of ICD treatment on all-cause death
was the same regardless of CRT status(p value for interaction 0.73) . In the
subgroup of patients without CRT, ICD did not reduce the risk of all-cause
mortality, and this was also the case in the CRT subgroup In patients who
received a CRT defibrillator (CRT-D) there was no difference in survival
compared to patients who received a CRT pacemakeralone (CRTFP) (HR 0.91,
95% Cl 0.641.29, p=0.59).% Likewise, in the Comparison of Medical Therapy,
Pacing, and Defibrillation in Heart Failure (COMPANION) study,3° CRFD was not
superior to CRFP (p =0.12) in reducing the risk of all -cause death in later
analyses of the data by independent authors ,3¢ although both reduced the risk of

mortality compared to optimal medical therapy. 3

In patients with HF -PEF, rone of the medical treatment s tested, including
candesartan, irbesartan, perindopril and spironolactone, have been shown to
reduce morbidity and mo rtality, °*? and the efficacy of device therapies hasyet
to be examined. Diuretics are used to relieve symptoms of congestion as in H~
REF. Adejuate management of comorbidities , such asatrial fibrillation
hypertension, myocardial ischaemia and dysglycaemia, is considered important
in HF-PEF, thoughthere is limited evidence in guide what specific treatment
approaches are most effective .2 2 On the basis of the favourable effects in
PARADIGM{F in HRREF and in a phase Il trial in HF-PEFR?7- 37 sacubitril/ valsartan
is under examination in the ongoing Prospective Comparison o ARNI with ARB
Global Outcomes in HF With Preserved Ejection Fraction (PARAGONHF) trial. 38
There is another ongoing trial to evaluate the benefit of ICD therapy in patients
with relat ively preserved ejection fraction (LVEF 36 -50%) and the presence of
late gadolinium enhancement on cardiovascular magnetic resonance (CMR)
imaging (CMRGuide trial, ClincalTrial.gov number NCT01918215). 23
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Ventricular assist device s (VADs) have emerged as a viable therapeutic option for
patients with end -stage HFwho are refractory to opt imal medical therapy . VADs
are typically usedasa bridge to recovery or a bridge to transplantation, and are
increasingly used as destination therapy .?% 2 Bridge to recovery is for patients
who only need temporary support after which the heart recovers and the VAD is
then removed. Bridge to transplantation is for patients who are eligible for heart
transplant ation and to keep them alive until a donor heart becomes available.
Destination therapy is for patients with end -stage HFwho are ineligible for
transplantation, or as a permanent alternative for heart transplantation for

patients long -term waiting for tra nsplant.? 3 Heart transplantation is the gold
standard treatment in carefully sel ected patients with refractory end -stage HF,
which has been shown to improve long term survival and increase functional
status and quality of life .% 2 Nevertheless, heart transplantation is a limited
treatment option for pa tients with end -stage HF, given that the number of
patients on the transplant waiting list exceeds the availability of donor hearts.
Besides, issues with rejection and the consequences of longterm
immunosuppressive therapy after transplant remain problematic .% 2 Accordingly,
for patients eligible for transplantation, VADs initially used as a short -term
bridge to transplant, have increasingly been used asa permanent alternative to
heart transplant.

1.15Prognosis of heart failure

Although community -based studies suggest that overall survival in patients with
HF has improved over time , prognosis remains poor with a mortality rate  of 40-
60% within 5 years of diagnosis.!® 3° Survival is generally better in patents with
HFPEF than in HFREF?> 40 but the trend in improvement of survival has been
primarily observed in those wi th HF-REF but not in HFPEF?2°> which has been
attributed to the advancesin therapies and their implementation in the HFREF

population. 23

The majority of patients with HF die from CVcauses, and the proportion varies
with study design (trial or po pulation -based), study population and time period

of study; 34! in general, deaths attributed to non -CV causes are proportionally
higher in community -based studies and among patients with HF-PEF, and there

has been an increase in the proportion of non -CV deaths over time both in HF-
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REF and HFPEF16 42:43 The shift in the distribution of death toward non -CV
causes may reflect the cumulative benefit of HF therapies in reducing CV death

in HF-REF, and the increasing comorbidity burden due to the elderly nature in
HFPEF. The risk of CV death is generally decreasing but remains significant, and
sudden death and pump failure death account for the majority of CV death in
HF 3 4% 44 | will summarise the definition s, incidences and treatment available

for both modes of death in the next section.

1.2Sudden death and punrpafrai Ifuarie

1.21Cl assi ficat-spacobofi modeath

Historically, there hasexisted heterogeneity in the definitions of sudden death
and a lack of reporting or detailed information on the definitions of pump failure
death in HF studies before mid -1990s.* Thereafter, a framework was proposed
for classifi cation of mode of death in HF, calling for recording detailed
information on (A) activity and place of death, (C) cause of d eath, (M) mode of
death and (E) events associated with death .%> Despite its anticipated value in
characteri sing death events, systematically collect ing this information would be
resource intensive and hard to achieve. Consequently, over the last two
decades, definitions for each mode of death used among HF st udies were
broadly similar, but not uniform in terms of details regarding timing of the

event, presence of a witness and clinical conditions before death. More recently,
consensus efforts have been made by the ACCFand AHAIn collaboration with
the US Foodand Drug Administration (FDA)to standardise definitions of
cardiovascular endpoint events used in clinical trials. 46 Sudden death has been
defined in a more detailedway: 6 deat h t hat occurs unexpec
an acute MI; death witnessed and occurring without new or worsening symptoms;
death witnessed within 60 minutes of the onset of new o0 r worsening cardiac
symptoms, unless the symptoms suggest acute Ml; death witnessed and
attributed to an identified arrhythmia (e.g., captured on an ECGrecording,
witnessed on a monitor, or unwitnessed but found on ICDreview); death after
unsuccessful resuscitation from cardiac arrest; death after successful
resuscitation from cardiac arrest and without identification of a specific cardiac

or non-cardiac aetiology; or unwitnessed death in a subject seen alive and

cinical ly stable 024 hours prior to being f
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supporting a specificnon-CVc ause of death (informati on
clinical status preceding deatBumgfhilore!| d b
death has beendefinedasodeat h associated with clini
and/or signs of HF, regardless of HF aetiology (deaths due to HF can have various
aetiologies, including single or recurrent myocardial infarctions, ischaemic or
non-ischaemic cardiomyopathy, hypertensi on, or val v Worseningdi s e :
symptoms due to HF include dyspnoea, decreased exercise tolerance, fatigue,

worsened end-organ perfusion and volume overload. And worsening signs of HF

include peripheral oedema, increasing abdominal distention or asci tes,

pulmonary rales/crackles/ crepitations , increased jugular venous pressure and/ or
hepatojugular reflux, S3 gallop , and clinical significant or rapid weight gain

thought to be related to fluid retention.

Standardisation of endpoint definitions is of great importance to achieve uniform
event reporting a nd data collection . It should help reduce the bias of event
adjudication within a trial between central endpoint committee members, and
enhance the event consistency across trials and across health care systemsthus

facilitating combined or comparative analyses.

1.22Ri sk ofs preocdiefi cheaathfianl ur e

The rates of mode-specific death have varied across studies in terms of study
design, study population (e.g. HF type, disease severity, demographics,
comorbidity burden), classification of mortal events (definition and case

ascertainment) and time (the calendar year of study and the duration of follow -

up).

Looking at study design, compared to clinical trials, population -based studies,
generally, are le ss likely to present specific breakdown of death events from CV
and non-CV causes, andif provided, death events were less often adjudicated by
a central endpoint committee. Besides, population-based studies are highly
variable in terms of setting of enrolment (e.g. primary care, outpatient clinic,
hospital discharge/admission), study sample size (and events), and follow -up
duration. Accordingly, data on mode -specific death f rom population -based
studies are scarce and variable. Among patients with HF -REF, a Japanese cardiac

register study reported that 23% of total mortality among the hospitalised HF
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patients was attributed to sudden death, and 37% due to pump failure and 18%
due to non-CV causes?’ Rather consistent rates of sudden death (18% and 20%)
and pump failure death (34% and 33%) were reported from another two cohort
studies, although the contribution of non -CV death to the overall mortality was
variable (47% and 28%Y*® 49 In patients with HF -PEF, sudden death accounted for
about 7-15% of total mortality, whereas the proportions of deaths attributed to
pump failure and non-CV causes varied widely, ranging from 17% to 60% and from
17% to 86% respectively?4 Based on clinical trial studies, in patients with HF -
REF, sudden death was reported to account for average 42% (range 2358%) of
total mortality, followed by pump failure death at 36%  (range 27-56%), whereas
non-CV death accounted for a smaller proportion at 14% (range 4 -20%)>° In
patients with HF -PEF, sudden death accounted for average 25% fange 21-28%) of
overall mortality, pump failure death at 15% (range 13 -21%) and nonCV death at
32% (2937%)>°

There are several observational studies that hav e performed point -to-point
comparisons of the risks of mode -specific death in patients with HF between
different therapeutic periods. CubbonRet al. reported a significant reduction in
sudden death (from 34% to 13%) and a concomitant increase in non-CVdeath
(11% to 41%) with negligible change in pump failure death (41% to 37%) as a
proportion of total mortality among patients with ambulant HFREFRecruited
between 1993-1995 and 20062009 in the same geographic region in the UK.t
Similarly, a decrease in the contribution of sudden death and an increase in non-
CV death to overall mortality w as also observed among patients with severe HF
awaiting heart transplantation in a single centre in  the US and among patients
wit h HF with mixed LVEF in the Tohoku district of Japan. 2 53 However, the
temporal trends in rates of mode -specific death over time have yet to be
examined, in particular with adjustment for  detailed patient characteristics at

baseline.

123 Ef fexcfh e afrdi Itureat ment -sprecmdde dea

The currently recommended neurohumoral therapies for HF -REF,including ACHs
or ARBs>* %5 beta-blockers, %® and MRAs>” all reduce the risk of sudden death .
Evidence from meta-analyses of RCTsdlemonstrated that, compared to place bo,
ACElIs reduced the risk of sudden death by 20%(odds ratio 0.80, 95% CI 0.70
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0.92, p,®betabhlockers by 31%(odds ratio 0.69, 95% Cl 0.620.77,
p<0.00001) and MRA by 23%(odds ratio 0.77, 95% CI 0.66-0.89, p=0.001).56:57 A
study of Candesartan in Heart failure Assessment of Reduction in Mortality and
morbidity (CHARM) programs showed that candesartan (an ARB) reduced sudden
death by 15% compared to placebo (HR 0.85, 95% CI 0.730.99, p=0.036).°° In the
PARADIGMF, sacubitril/ valsartan reduced the risk of sudden death by 20%
compared with enalapril (HR 0.80, 95% CI 0.680.94, P=0.008) in patients who
were receiving guideline recommended medications including a beta-blocker and

a MRAS38 |vabradine did not reduce the risk of sudden death. 28

With the cumulative use of these neurohumoral therapies , the residual risk of
sudden death may be decreasing, and the overall survival benefit of ICD may
have diminished to non-significant levels . However, ICDshave been shown to be
effective in reducing the risk of sudden death in HF-REEF irrespective of
aetiology. Use of an ICDled to a 67%reduction in sudden death (HR 0.33, 95% CI
0.20-0.59, p<0.001) in patients with ischaemic HF in MADITII,%° and a 80%
reduction (HR 0.20, 95% CI 0.060.71, p=0.006) in patients with non -ischaemic
cardiomyopathy in DEFINITEalthough in the la tter trial this effect was based
upon a tiny number of events .3 Likewise, in SCBHeFT an ICDreduced the risk of
sudden death in the ischaemic (HR 0.43, 95% CI 0.270.67) and non-ischaemic
(HR 0.34, 95% CI 0.170.70) causes of HF 80 In the very recent DANISH study, ICD
treatment reduced sudden death by 50% inpatients with non -ischaemic
cardiomyopathy (HR 0.50, 95% CI 0.310.82, p=0.005).

CRThad a neutral effect on sudden death compared to optimal medical therapy
(HR 1.04, 95% CI1 0.731.46, p=0.84) based on the evidence from a meta -analysis
of 5 RCTs®! although individual trials had mixed results. In an extended report
from the Cardiac REsynchronization-Heart Failure (CAREHF) trial, CRT-P
reduced sudden death by 46% (HR 0.54, 95% CI 0.39.84, p=0.006), 62 while in
the COMPANION trial CRAP had no effect on sudden death (HR 1.21, 95% CI
0.70-2.07, p=0.485), but CRT-D reduced sudden death by 56% (HR 0.44, 95% ClI
0.23-0.86, p=0.02).%3 This may reflect that CRTs modify left ventricular
remodelling and improve cardiac function which may have the paradoxical effect
of appearing to increase death due to arrhythmia. Beneficial left ventricular

remodelling can reduce the arrhythmi a burden, but can also lead to greater



Chapter 1 34

exposure to the risk of sudden death by reducing the rate of pump failure

death.? It is unclear if the reduction in sudden death with an ICD is independent
of CRT status. Although in the DANISHthere was no difference in the overall
survival benefit of an ICD between patients with and without an CRT, the

interaction was not reported for mode -specific death. 3

Based onindividual studies, both enalapril and candesartan reduced the risk of
pump failure death by 22% compared to placebo (HR 0.78 95% CI 065-0.94, p
<0.01).5% 64 In PARADIGMHF, sacubitril / valsartan reduced the risk of pump
failure death by 21%compared to enalapril (HR 0.79, 95% CI 0.640.98,
p=0.034).%8 The effect of beta-blockers on pump failur e death had mixed results
from individual studies and no meta-analysisis yet available to provide a
synthesised estimate.® This is also the case for the effect of MRAs on pump
failure death: spironolactone reduced pump failure death by 36% compared to
placebo (HR 0.64, 95% CI0.51-0.80, p<0.001) in patients with severe HF , while
eplerenone only showed a trend in reduction (HR 0.77, 95% CI 0.55-1.08, p=0.12)
in patients with mild symptomatic HF who were already receiving an ACEI/ARB
and a beta-blocker.%% ¢7 |vabradine reduced the risk of pump failure death by
26% compared to placebo (HR 0.74, 95% CI 0.580.94, p=0.014).%8 CRT, either
alone or in combination with an ICD, reduced the risk of pump failure death
compared to optimal medical therapy. 62 62 In a meta-analysis of 5 RC™, use of
CRTled to a 38% reduction of pump failure death (HR 0.62, 95% CI 0.46-0.85,
p=0.003).%! ICD treatment alone had no effect on the risk of pump failure death
in SCDHeFT, % and the effect of ICDs on pump failure death was not reported in
the other ICD trials (of course, an ICD would not be expected to reduce pump

failure death) .33:35 59

In HF-PEF, none of the examined neurohumoral therapies, including ARBs®%: 55
and MRAs!? reduced the risk of sudden death or pump failure death. The effect
of a beta -blocker on either mode of death was not reported, probably due to
small study size and few events. 1% Device therapies have yet to be examined in

this population.
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1.24Su mmar y

The last two decades have witnessed advances in, and implementation of
evidence-based therapies in patients with HF -REF, along with the changing risk
profiles and comorbidities in both HF -REF and HFPEF populations. It is of great
interest and importance to discover if these changeshave translated into
temporal ch anges (and corresponding trends over time) in the risks of sudden
death and pump failure death in both populations. There are limited data on
mode-specific death from population -based studies which tend to vary greatly in
terms of study participants, study size and follow -up duration, and which have
relatively sparse patient characterisation at baseline. By contrast, cohorts from
clinical trials have more detailed baseline characterisation, which allows more
complete multivariable adjustment , and more standardised follow -up and event
sub-classification and adjudication , which may reduce the bias and variation
within a study . Accordingly, | will examine the trends in the risks of sudden

death and pump failure death over time in patients with HF -REF enrolled in 13
clinical trials conducted between 1995 -2015 and in patients with HF -PEF from 3

clinical trials over the period 1999 -2013 respectively.

Apart from examining the rate of mode-specific death in population level , it
would be of interest and importance to predict the risk of mode-specific death
in individual patients. Accurate risk predict ion for mode -specific death in
individual patients can help with better risk stratification and aid clinicians  and
patients in decision making. Among patients with HF -REF, identification of high -
risk subgroupswould help target costly interventions, such as ICD s and LVAD;, to
those most in need, and identifyi ng low-risk subgroups would avoid unnecessary
treatment and improve the cost -effectiveness of these interventions. Among
patients with HF -PEF, knowledge of prognosis would facilitate further research
into the efficacy of specific interventions in this popu lation, e.g. designing
randomised controlled trials in selected patients with high risks. Existing risk
stratification models focus on predicting all -cause mortality in HF patients,
which have been systematically reviewed. 579 Fewer models have been
developed to predict mode -specific death, i.e. sudden death and pump failure
death, and their characteristics and performance have notb een appraised.
Therefore, in the next section | will perform a systematic review to identify

published models to predict sudden death and pump failure death in patients
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with chronic ambulatory HF, to summarise and compare their characteristics and

performance, and to evaluate their clinical utility.

1.3Prognostic models for sudde
fail

n
failure death I n heart ur

1.3.1Met hods

1.3.1.1 Search strategy

A systematic search was performed in the electronic databases MEDLINE and

Embase, limited to adult human subjec ts and English language. Relevant key
search terms were combined including oOhe:
omortalityod or oOosurvival é or oOsudden deat
omodel 6 or opredictdé. The sear charet er ms al
presented in Appendix Table 1 and Appendix Table 2. The search was last

updated on 17 April 2017. Bibliographic references of eligible studies and

relevant reviews were hand searched to identify additional studies.

1.3.1.2 Review methods and selection criteria

Retrieved articles from MEDLINE and Embase databases were combined in the

reference manager Endnote (Version X7). After eliminating duplicate papers, |

screened the titles and abstracts of the retrieved publications, and then

examined full -text versions of all publications considered potentially relevant.
Studies were eligible if they enhrooid | ed a
ambul atory HF, reported multivariabl e an;
death, pump failure death or both. There were no restrictions on study design,

LVEF or geographic regions. Studies were excluded if they enrolled patients

exclusively during a hospital admission, i.e. patients with acutely

decompensated heart failure . For studies based on the same study cohorts,

those with shorter follow -up or smaller sample size were excluded if they

provided no additional information.

1.3.1.3 Data extraction and data analysis

Data extraction was undertaken by outcome (i.e. sudden death or pump failure

death). For each included study, the i nformation collected is outlined in detail
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in Appendix Table 3, which mainly include d the aspects of study characteristics,
patient characteristics, outcome of interest, model construction, model validity,
model performance and handling of missing data. Data were summarised and
analysed according to these elements, with a focus on model construction
(modelling approach, model assumption, individual predictors and the ratio of
number of predictors and number of events) and model performance

(discrimination, calibration and validation).

Overfitting refers to a scenario of having too many variables relative to the
number of observations/events in a regression model, which may lead to random
error or noise. To avoid overfitting, there is a rule of thumb that  there should be
at least 10 events for each final prediction variable of a multivariable model. 7!
Model discrimination, k n o wn as 0 s efprato tha abiliyrioddistinguish
individuals who develop an event from those who do not, and is commonly
examined using C statistics, e.g. ROC AUC area under the curve of receiver
operating characteristiccurve ) o r H a statisgid .[? 6 statisfics generally
range from 0.5 (random concordance) to 1 (perfect concordance), the higher the
C datistic , the better the model discrimination . Model calibration is also known
as6bpr edi ct i o mefees tocthe magoityde pf agreement between
predicted and observed event rates at a population level .72 Model validation
examines the reliability of model performance when a model is applied to

another cohort. ”® These three aspects are indispensable in evaluating a model. |
will explain these concepts in detail in the Chapter 2 Methods Finally, I will
select the best existing models for mode -specific death and point out the ir

limitations if any.
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1.32Resul t s

A total of 2046 citations were identified from MEDLINE and 2650 from Embase.
After removing duplicate records, th e titles and abstracts of 3378 citations were
screened, and 143 full -text articles were further assessed for eligibility with
additional 14 public ations identified through references. In total, 27 studies

were finally included in this analysis, 4% comprising 22 models to predict
sudden death?482, 84-86,89, 91-93, 95-100 gnd 16 models for pump failure death, 7> 78-80.

82-85, 87, 88, 90, 91, 94, 98-100 3| of which were published between 1994 and 2015. The

diagram of study selection process is displayed in Figure 1-1.

Figure 1-1 Diagram of study selection process in the literature review

—
g Records identified through database searching
g~ from MEDLINE (N =2046) and Embase (N =2650)
Q
E
=}
S |
) Records after duplicates removed
— (N =3378)
o Records excluded after abstract
E screened (N =3235)
9 |
g Full-text articles assessed for eligibility
— (N =143)
— » Full-text articles excluded (N =130)
2 Reasons:
= - Not a HF population (N=11)
el Additional records - Not including either outcome of interest (N=77)
é‘ identified through - Not a risk model, but a risk factor (N=20)
l"" references (N =14) - Not reporting coefficients of all predictors (N=2)
— - Hospitalised patients (N=5)
- Models from the same population with shorter
duration of follow-up or smaller sample size (N=11)
- - Other types of articles: review or abstract (N=4)
2 A
3 27 studies included
= (22 sudden death models and
16 pump failure death models)

1.3.2.1 Study characteristics

For the models that predicted sudden death, the majority, 11 (50%) studies,
were based on prospective cohort data, 6 (27%) from clinical trial databases, 2
(9%) from the combination of trial databases and registry data, 1 (5%) from
retrospective patient records and 2 (9%) were unspecified (Table 1-1). Most
studies, 12 (55%), developed models that used data collected from European

cohorts, only 1 (5%) used data from North America, 4 (18 %) were derived from
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data from Japan and the remaining 5 (23%) used clinical trial data basesthat
randomised patients across the world. Of these clinical trial data basesmost
randomised patients were from North America and Europe. The sample size of
the studies varied largely: 11 (50%) studies included <500 participants, and only

7 (32%) studies had a sample size ofQ1000 patients. Of the 16 (73%) studies
reporting the calendar time of data collection, most, 1 0 (67%) studies, used data
collected by the year 2000, before the broad use of modern guideline -
recommended treatment s such asbeta-blockers and MRAs The average duration
of follow -up ranged from 6.1 months to 11.7 years, with the majority in the

range of 2 to 4 years.

Of the models to predict pump failure death , most, 10 (63%) studies, were based
on prospective cohort data, 3 (19%) used clinical trial databases, and 1 (6%) was
based on the combination of registry data and trial databases, leaving 2 (12%)
unspecified (Table 1-2). 9 (56%) studies used data collected from European
cohorts, 3 (19%) from Japanese whorts, only 1 (6%) from the US and the
remaining 3 (19%) used data from clinical trials that randomised patients
worldwide but most from Europe and North America. The majority, 10 (63%)
studies, had a sample size of <500 participants, and only 3 (19%) studies included
over 1000 participants. 11 (69%) studies reported data collection time, about

half (45%) of which were collected by the year 2000. The average duration of
follow -up ranged from 6 months to 6.9 years, and the majority were within the

range of 2-4 years.
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Publication Study characteristics Patient characteristics
Data source E:l\?ountry S.ample Stuply Folloyv-up HF Patient population Basgling
cen:[res) size period duration subtype (age, sex, LVEF, and NYHA class llI-IV) medication
Kawai,”® 2015 Prospective cohort study Japan (1) 81 NR Mean 6.9 HF-REF Mean age 63 years, men (77%), LVEF<35% ACEI/ARB (85%),
years and mean LVEF 26%, NYHA class IlI-IV beta-blocker (67%),
(26%) MRA (64%)
Shadman,’ Registry + trial database (PRAISE, International 9885 NR Mean 28  Mixed Median age 64 years, men (79%), median ACEI/ARB (96%),
2015 Val-HeFT, COMET, Italian HF (NR) months LVEF 27%, NYHA class IlI-1V (49%) beta-blocker (47%),
Registry, University of Washington MRA (6%)
cohort)
Adabag,’® 2014 Trial database (I-PRESERVE) International 4128 2002-2008 Mean 49.5 HF-PEF Age >60 years and mean age 72 years, men ACEI (25%), beta-
(293) months (40%), 45% &emedn LVEF 60%, blocker (58%), MRA
NYHA class IlI-IV (79%) (15%)
Furukawa,’” Patient records (retrospective) Japan (1) 132 1995-2002 Mean 6.7 HF-REF Mean age 63 years, men (80%), LVEF <40% ACEI/ARB (85%),
2013 years and mean LVEF 30%, NYHA class llI-IV beta-blocker (69%),
(18%) MRA (56%)
Smilde,®* 2009 Trial database (Dutch ibopamine Netherlands 90 1989-2002 Mean 11.7 HF-REF Mean age 60 years, men (85%), LVEF <45% NR
multicenter trial) (NR) years and mean LVEF 29%, NYHA class IlI-IV
(20%)
Tamaki,®® 2009 Prospective cohort study Japan (1) 106 NR Mean 65 HF-REF Mean age 64 years, men (76%), LVEF <40% ACEI (70%), beta-
months and mean LVEF 30%, NYHA class IlI-IV blocker (75%), MRA
(22%) (NR)
Vazquez,” 2009 Prospective cohort study (MUSIC Spain (8) 992 2003-2007 Median 44 Mixed Mean age 65 years, men (72%), LVEF 10- ACEI/ARB
study) months EF>45%  70% and mean LVEF 37%, NYHA class llI-IV (74/17%), beta-
(25%) (22%) blocker (68%), MRA
(38%)
Wedel,”® 2009  Trial database (CORONA) International 3342 2003-2007 Median HF-REF Age 060 years and me aACEI/ARB (92%),
(371) 32.8 (75%), LVEFO40% ( O35 Sbheta-blocker (77%),
months and mean LVEF 31%, NYHA class IlI-1V MRA (39%), ICD
(63%), ischaemic aetiology (100%) (2.3%)
Uretsky,®? 2008 Trial database (CARE-HF) Europe (82) 813 2001-2005 Mean 36.4 HF-REF Median age 67 years, men (74%), ACEI/ARB (95%),
months LVEFO35% and mean L VEbeta-blocker (72%),
class lI-1V (100%), cardiac dyssynchrony MRA (56%)
(100%)
Guazzi,?®> 2007 NR Italy (NR) 156 NR Mean 23.6 Unspecified Mean age 61 years, men (80%), mean LVEF ACEI (76%), beta-

months

35%, NYHA class llI-1V (29%)

blocker (46%), MRA
(39%)
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Mozaffarian,®*  Registry + trial database (PRAISE, International 10538 NR Mean 1.6  Mixed Mean age 65 years, men (76%), mean LVEF ACEI/ARB
2007 ELITE2, Val-HeFT, RENAISSANCE, (NR) years 28%, NYHA class lI-1V (51%) (80/39%), beta-
Italian HF Registry, University of blocker (31%), MRA
Washington cohort) (NR)
Watanabe,8 Prospective cohort study (CHART Japan (26) 680 2000-2004 Mean 26 HF-REF Mean age 66 years, men (69%), LVEF <50% ACEI/ARB (71%),
2006 study) months and mean LVEF 42%, NYHA class llI-IV beta-blocker (39%),
(19%) MRA (20%)
Kearney,?® 2004 Prospective cohort study UK (8) 553 1993-2000 5 years Mixed Mean age 63 years, men (76%), mean LVEF ACEI/ARB (81%),
(UK-HEART study) 42% and LVEF >45% (36%), NYHA class Ill- beta-blocker (8%),
IV (39%) MRA (NR)
Isnard,®® 2003  Prospective cohort study France (1) 250 1996-2000 Median HF-REF Mean age 54 years, men (NR), LVEF <45% ACEI (89%), beta-
584 days and mean LVEF 29%, NYHA class IlI-IV blocker (21%), MRA
(55%) (14%)
La Rovere MT,%? Prospective cohort study Italy (NR) 202 1991-1995 Mean 3 HF-REF Mean age 54 years, men (87%), LVEF 23%, ACEI/ARB (90%),
2003 years NYHA Class II-11l (88%) beta-blocker (6%),
MRA (NR)
Poole-Wilson,®® Trial database (ATLAS) International 3164 1992-1997 Median 46 HF-REF Mean age 64 year s, meACEI/ARB (100%),
2003 (287) months and mean LVEF 23%, NYHA class llI-IV beta-blocker (11%),
(84%) MRA (NR)
Baldasseroni,®® Prospective cohort study Italy (150) 5517 1995-2000 1 year Unspecified Mean age 63 years, men (76%), LVEF (NR), ACEI/ARB (84%),
2002 NYHA class -1V (28%) beta-blocker (18%),
MRA (NR)
Berger,® 2002 Prospective cohort study Austria (1) 452 1995-2000 Mean 592 HF-REF Meanage 54 years, men ACEI/ARB (89/5%),
days and mean LVEF 20%, NYHA class llI-IV beta-blocker (30%),
(54%) MRA (NR)
Teerlink,®” 2000 Trial database (PROMISE) The US and 1080 1989-1990 6.1 months HF-REF Mean age 64 year s, meACEI/ARB (100%),
Canada and mean LVEF 21%, NYHA class Ill-IV beta-blocker (NR),
(119) (100%) MRA (NR)
Madsen,®® 1997 Prospective cohort study Denmark (1) 190 1988-1990 Median Unspecified Mean age 66 years, men (72%), median ACEI/ARB (33%),
245 LVEF 30%, NYHA class IlI-1V (46%) beta-blocker (4%),
months MRA (NR)
Szabo,® 1997 NR Netherlands 159 NR Mean 23  HF-REF Mean age 60 years, men (NR), LVEF <40% NR
Q) months and mean LVEF 27%, NYHA class IlI-IV
(38%)
Szabo,%° 1994 Prospective cohort study Netherlands 211 1988-1992 Mean 21  HF-REF Mean age 63 years, men (76%), LVEF <45% ACEI (42%), beta-
(1) months and mean LVEF 26%, NYHA class llI-IV blocker (15%), MRA

(NR) (NR)




Chapter 1

42

CARE-HF, Cardiac Resynchronization in Heart Failure; CHART, Chronic Heart failure Analysis and Registry in Tohoku district; ELITE2, Evaluation of Losartan in the
Elderly; NR, not reported; PRAISE, Prospective Randomized Amlodipine Survival Evaluation; PROMISE, Prospective Randomized Milrinone Survival Evaluation;
RENAISSANCE, Randomized Enbrel North American Strategy to Study Antagonism of Cytokines.

Table 1-2 Study and patient characteristics for pump failure death models

Publication Study characteristics Patient characteristics
Data source Country (No. S_ample Stu_dy Folloyv-up HF subtype Patient population Bas‘?"'“?
centres) size period duration medication
Kawai,”® 2015 Prospective cohort study Japan (1) 81 NR Mean 6.9 HF-REF Mean age 63 years, men (77%), ACEI/ARB (85%),
years LVEF<35% and mean LVEF 26%, NYHA beta-blocker (67%),
class IlI-IV (26%) MRA (64%)
Tamaki,?° 2009  Prospective cohort study Japan (1) 106 NR Mean 65 HF-REF Mean age 64 years, men (76%), LVEF ACEI (70%), beta-
months <40% and mean LVEF 30%, NYHA class blocker (75%), MRA
-1V (22%) (NR)
Vazquez,” 2009 Prospective cohort study Spain (8) 992 2003-2007 Median 44 Mixed Mean age 65 years, men (72%), LVEF 10- ACEI/ARB (74/17%),
(MUSIC study) months 70% and mean LVEF 37% and LVEF beta-blocker (68%),
>45% (25%), NYHA class IlI-1V (22%) MRA (38%)
Wedel,”® 2009 Trial database (CORONA) International 3342 2003-2007 Median 32.8 HF-REF Age 060 years a nd meACEIARB (92%),
(371) months men (75%), LVEF O4 0 % beta-blocker (77%),
class Il) and mean LVEF 31%, NYHA MRA (39%)
class -1V (63%), ischaemic aetiology
(100%)
Mehta,® 2008 Prospective cohort study UK (2) 396 2004-2006 Median 370 Mixed Median age 75 years, men (61%), mean ACEI/ARB (72/7%),
days LVEF 38%, NYHA class IlI-1V (88%) beta-blocker (31%),
MRA (20%)
Uretsky,®2 2008  Trial database (CARE-HF) Europe (82) 813 2001-2005 Mean 36.4 HF-REF Median age 67 years, men (74%), ACEI/ARB (95%),
months LVEFO35% and mean L beta-blocker (72%),
class lll-IV (100%), cardiac dyssynchrony MRA (56%)
(100%)
Guazzi,® 2007 NR Italy (NR) 156 NR Mean 23.6 Unspecified Mean age 61 years, men (80%), mean ACEI (76%), beta-
months LVEF 35%, NYHA class IlI-1V (29%) blocker (46%), MRA

(39%)
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Mozaffarian,8 Registry + trial database International 10538 NR Mean 1.6 Mixed Mean age 65 years, men (76%), mean ACEI/ARB (80/39%),
2007 (PRAISE, RENAISSANCE, (NR) years LVEF 28%, NYHA class IlI-1V (51%) beta-blocker (31%),
ELITE2, Val-HeFT, Italian HF MRA (NR)
Registry, University of
Washington cohort)
Berger,8” 2005 Prospective cohort study Austria (1) 452 1995-2000 Mean 592 HF-REF Mean age 54 years, men (87%), LVEF ACEI/ARB (89/5%),
days O35% and mean LVEF Dbeta-blocker (30%),
-1V (54%) MRA (NR)
Kyuma,® 2004 Prospective cohort study Japan (1) 158 1999-2001 16 months Mixed Mean age 64 years, men (70%), mean  ACEI/ARB (64%),
LVEF 41% and LVEF O beta-blocker (55%),
class IlI-IV (39%) MRA (39%), ICD
(8%)
Poole-Wilson,®*  Trial database (ATLAS) International 3164 1992-1997 Median 46 HF-REF Mean age 64 years, men (80%), LVEF ACEI/ARB (100%),
2003 (287) months O30% and mean LVEF Dbeta-blocker (11%),
-1V (84%) MRA (NR)
Vrtovec,? 2003  Prospective cohort study Us (1) 241 2001 6 months HF-REF Mean age 67 years, men (59%), mean ACEI (87%), beta-
LVEF 27%, NYHA class IlI-1V (100%) blocker (73%), MRA
(NR)
Kearney,® 2002 Prospective cohort study UK (8) 553 1993-2000 5 years Mixed Mean age 63 years, men (76%), mean ACEI/ARB (81%),
LVEF 42% and LVEF >45% (36%), NYHA beta-blocker (8%),
(UK-HEART study) class IlI-IV (39%) MRA (NR)
Madsen,®® 1997  Prospective cohort study Denmark (1) 190 1988-1990 Median 24.5 Unspecified Mean age 66 years, men (72%), median ACEI/ARB (33%),
months LVEF 30%, NYHA class llI-1V (46%) beta-blocker (4%),
MRA (NR)
Szabo,*® 1997 NR Netherlands 159 NR Mean 23 HF-REF Mean age 60 years, men (NR), LVEF NR
(2) months <40% and mean LVEF 27%, NYHA class
-1V (38%)
Szabo,%° 1994  Prospective cohort study Netherlands 211 1988-1992 Mean 21 HF-REF Mean age 63 years, men (76%), LVEF ACEI (42%), beta-
(1) months <45% and mean LVEF 26%, NYHA class blocker (15%), MRA

-1V (NR) (NR)

Abbreviations are same as Table 1-1.
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1.3.2.2 Patient characteristics

For sudden death, 14 (64%) models were derived from patients with HF -REF and
only 1 (5%) model from patients with  HFPEF;’® the remaining 7 (32%) studies
included all HF patients regardless of LVEF or did not specify the left ventricular
systolic function further (Table 1 -1). The average age of the patients in these
studies ranged from 54 to 73 years, with the majority at about 64 years. The
predominance of men (&70%) was observed in all studies, except the model in
the HF-PEF patients in which the proportion of men was 40%. ’® The proportion of
patients with NYHA class Il or IV symptoms varied greatly across these studies
ranging from 18% to 100%.There were 2 (9%)studies that did not report the use
of ACEI¢ ARBs®! 98 of the remaining studies the use of ACEIs/ARBs was
consistently high, except 2 studies in which data were collected before 1992 °°
100 and 1 study in patients with HF -PEF’¢ The use of beta-blockers was not
reported in 3 (14%)studies, " %7 %8 and only 7 (32%)studies had over 50% of
patients treated with beta-blockers, and the proportion was below 50% in 12
(55%)studies. The use of MRAs was not reported in 12 (55%)studies, and only 3
(14%)studies had over 50% of patients having received MRAs!> 77:82 leaving 7
(32%)studies with the proportion below 50%. Of the studies with the use of beta-
blockers and MRAs below 50% or not reported, most had collected data before
the year 2000.

For pump failure death models, 9 (56%) studies included HF patients with
reduced EF, and the remainder either included HF patients with a full range of
LVEFs or made no eference to LVEF; none of the models were developed
specifically in patients with HF -PEF(Table 1-2). Patients in all studies were
predominantly male. The distributions of the average age and the proportion of
patients with NYHA class IlI-1V across the studies for pump failure death models
was similar to those for sudden death models. The use of ACEIS/ARBs andeta-
blockers was not reported in one study, % in the rest of the studies, the use of
ACEIs/ARBs s consistently high, except 2 studies in which data were collected
before 1992;%° 1% the use of beta-blockers was over 50% of patients in 7 (44%)
studies and below 50% in 8 (50%) studies. The us of MRAs was not reported in 9
(56%) studies, and only 2 (13%) studies had over 50% of patients having received

MRASs!®> 82 leaving 5 (31%) studies with the proportion below 50%. Likewise, in
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the studies with the use of beta-blockers and MRAs below 50% or not reported,

data collection was mainly performed before the yea r 2000.

1.3.2.3 Outcomes of interest

The definitions of sudden death were broadly similar across these studies,
despite 6 (27%) studies having included witnessed cardiac arrest > 77: 80,85, 93,95
and 1 further (5%) study included appropriate ICD discharge for ventricular
tachycardia or fibrillation 2 (Table 1-3). The sudden death events were
adjudicated by an endpoint committee in 10 (45%) studies, most of which were
derived from clinical trials except 3 from observational studies, i.e. , the MUSIC
(MUerte Subita en Insuficiencia Cardiaca) study, ° the UK-HEART(United
Kingdom-heart failure evaluation and assessment of ris k trial ) study,®® and one
cohort from lItaly ;2 the remaining 12 (55%) studies either included investigator -
reported events or did not specify this furthe r. Most, 12 (55%) studies, had less
than 50 sudden death events; only 7 studies had over 100 events, most of which
were based on trial databases, exc ept one based on the Italian Network on HF

Registry cohort. %6

The definition for pump failure death used was generally similar across the
studies, whereas 2 studies, i.e. the MUSIC study’® and the ATLAS(assessment of
treatment with lisinopril and survival ) trial, °! also included heart transplantation
as a pump failure death , which contributed to 16% (N=20) and 9% (N=39) of the
overall pump failure deaths respectively (Table 1 -4). Half of the models were
based on endpoint-committee adjudicated events, the Seattle HF model (SHFM
study, based on multiple cohorts, used a mix of adjudicated and investigator -
report events , 8 and the remaining studies either used investigator -reported
events or made no reference to event identification. Over two thirds of the
studies had less than 50 pump failure death events, and only 5 studies had over
100 events, all of which were from clinical trials except the one based on the
MUSIC study’®
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Table 1-3 Event number and definition, and model construction and performance for sudden death models

Outcome of interest Model construction Model performance
Publication Number and definition for SD (Event No. final/candidate variables (final Analytic Over- Model Missing data Discrimination Calibration Validation
adjudication) in bold) method fitting assumption
Kawai,”® 2015 (N=16 including witnessed cardiac arrest) 2/6 MIBG score, washout rate of Cox regression Yes NR NR Sensitivity, NR No
Witnessed cardiac arrest or death within 1 cardiac MIBG, heart to mediastinum specificity,
hr of the onset of acute symptoms, MIBG uptake ratio on delayed image, predictive
unexpected or unwitnessed death in a uric acid, norepinephrine, LVEDD. accuracy

patient known to have been well within the
previous 24 hrs. (NR)

Shadman,” (N=1225) Unexpected death in a clinically 10/17 Sex, age, ischaemic aetiology, multinomial No No NR NR NR No
2015 stable patient or death from documented diabetes, LVEF, LVEDD, SBP, logistic
(SPRM) or presumed cardiac arrhythmia without a creatinine, serum sodium, log NT-  regression
clear non-CV cause. proBNP, NYHA class, BMI, diuretic
(Investigator report or endpoint committee dose, statin, beta-blocker, ACEI/ARB,
adjudication) digoxin.
Adabag,”® (N=231) Unexpected death in a previously 6/18 Age, sex, LVEF, BMI, ischaemic Cox regression No PH NR Harrell's C observed No
2014 clinically stable patient and included aetiology, history of ischaemic heart  with stepwise assumption (0.75) VS.
(I-PRESERVE) patients who had an unsuccessful disease, diabetes, MI, AF, chronic  selection examined predicted
attempted resuscitation, all having a kidney disease, LBBB on ECG, plot

human contact within 24 hrs before the pulmonary congestion on chest X-ray,
event. (Endpoint committee adjudication) creatinine, albumin, neutrophil count,
In NT-proBNP, loop diuretic, ACEI.

Furukawa,””  (N=26 including witnessed cardiac arrest) 3/14 Early repolarization pattern, = Cox regression Yes NR NR Sensitivity, NR No
2013 Witnessed cardiac arrest or death within 1 LVEF, QRS duration, ventricular late with stepwise specificity,

hr of the onset of acute symptoms, potential, duration of filtered QRS  selection predictive

unexpected or unwitnessed death in a complex, age, sex, aetiology, NYHA accuracy

patient who was known to have been well class, heart rate, SBP, DBP, LVEDD,

within the previous 24 hrs. (NR) total counts of VPBs on Holter

monitoring.

Smilde,8! 2009 (N=28) Unexpected death that occurred 2/13 LVEF <30%, VPBs >20/h, sex, Cox regression No NR NR NR NR No

within 1 hr of new or more serious VT, mean NN <750ms, SDNN

symptoms, or during sleep or while <110ms, SDNN <50ms, SDANN

unobserved, in the absence of increasing <100ms, RMSSD <25ms, TP <2500
angina or progressive HF. (Investigator ms?, VLFP <1500 ms?, LFP <300 ms?
report) and HFP <100 ms?.
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Tamaki,® 2009 (N=18 including witnessed cardiac arrest) 2/6 Washout rate of cardiac MIBG, Cox regression Yes

Vazquez,™
2009
(MUSIC)

Wedel,”® 2009
(CORONA)

Uretsky, 8
2008
(CARE-HF)

Witnessed cardiac arrest or death within 1
hr of the onset of acute symptoms,
unexpected or unwitnessed death in a
patient known to have been well within the
previous 24 hrs. (NR)

(N=90) A witnessed death occurring within
1 hr from onset of new symptoms, unless
a cause other than cardiac was obvious,
or an unwitnessed death (<24 hrs) in the
absence of pre-existing progressive
circulatory failure or other causes of death,
or a death during attempted resuscitation.
(Endpoint committee adjudication)

(N=407) Witnessed instantaneous death in
the absence of any acute symptoms, and
also in the absence of progressive
circulatory failure
min; unwitnessed death in the absence of
pre-existing progressive circulatory failure
or other modes of death; patients
resuscitated from a cardiac arrest in the
absence of pre-existing circulatory failure
or other modes of death and who die
within 28 days without a non-CV cause
being identified; or a similar patient who
dies during an attempted resuscitation;
death within 60 min from the onset of new
symptoms unless other cause than
cardiac is obvious. (Endpoint committee
adjudication)

(N=71) Witnessed sudden unexpected
collapse with or without documented
arrhythmia, or unwitnessed sudden
unexpected death in the CV category.
(Endpoint committee adjudication)

heart to mediastinum MIBG uptake  with stepwise
ratio on delayed image, uric acid, selection
norepinephrine, LVEF, heart to

mediastinum MIBG uptake ratio on

early image.

5/12 Prior AVE, Echo (LA size >26  Cox regression No
mm, LVEDD O33mm, Iwithstepwise
LVEFO35%, restri c selection
ECG & Holter (AF, LBBB/IVCD,

NSVT + frequent VPBs), eGFR<60

ml/min/1.73 m?, NT-proBNP >1000

pg/ml, Troponin positive. (AVE

denotes atherosclerotic vascular

event, which included previous Ml,

stroke or lower limb ischemia).

8/29 Log NT-proBNP, LVEF, age, Cox regression No
Apo A-l, CABG, diabetes, AF, sex,

NYHA class, creatinine, SBP,

pacemaker, intermittent claudication,

stroke, CK, PTCA/PCI, BMI, M,

ALAT, hsCRP, ICD, Apo B, aortic

aneurysm, hypertension, angina,

smoking, heart rate, TSH,

triglycerides.

2/8 Index of MR severity’, CRT, log Cox regression No
BNP", end-diastolic volume index’, with stepwise
SBP’, IDC, EQ-5D", interventricular  selection
mechanical delay’. (‘Included time-

dependent covariates with the values

measured at 3 months replacing the

NR NR Sensitivity, NR
specificity,
predictive
accuracy
NR >5% Harrell's C Predicted
excluded,; statistic (0.77) vs.
<5% median observed
imputation survival in
deciles of
their risk
scores
NR Complete ROC AUC NR

case analysis (NR)

PH NR NR NR
assumption
examined

No

Bootstrap
resampling

No

No
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baseline value in the model for those
still at risk after 3 months).

Guazzi,?® 2007 (N=17 including witnessed cardiac arrest)

Mozaffarian,
2007
(SHFM)

Watanabe,8¢
2006
(CHART)

Kearney,®
2004
(UK-HEART)

Isnard,®3 2003

A witnessed cardiac arrest or death within
1 hr of the onset of acute symptoms, or an
unexpected unwitnessed death in a
patient known to have been well within the
previous 24 hrs. (Adjudication from a
panel of 3 physicians)

(N=1014) Unexpected death in a clinically
stable patient or death from documented
or presumed cardiac arrhythmia without a
clear non-CV cause.

(Investigator report or endpoint committee
adjudication)

(N=36) Sudden, unexpected death without
worsening HF. It included witnessed
sudden collapse and death, and
unwitnessed deaths which were
unexpected and which could not be
explained by non-cardiac causes.
(Investigator report)

(N=67) Death occurred within 1 hr of a
change in symptoms or during sleep or
while the patient was unobserved and had
previously been clinically stable. (Endpoint
committee adjudication)

(N=19 including witnessed cardiac arrest)
Witnessed cardiac arrest, a death within 1
hr of worsening symptoms, or an

2/6 Peak VO2, VE/NVCO?2 slope,
exercise oscillatory breathing, LV
mass, left ventricular end-systolic
volume, LVEF.

14/17 Age, sex, BMI, NYHA class,
LVEF, ischaemic aetiology, SBP,
diuretic dose, allopurinol, statin,
sodium, creatinine, cholesterol,
white blood cell, haemoglobin,
lymphocytes, uric acid.

5/16 Age, sex, prior HF
hospitalisation, underlying heart
diseases, NYHA class, diabetes,
hypertension, NSVT, AF, ACEI/ARB,
beta-blocker, digitalis, spironolactone,
BNP >200 pg/ml, LVEF <30%, and
LVEDD>60 mm. (After including the
number of risk markers as a
covariate, only number of risk
markers O3 includ

4/16 Age, sex, NSVT, LVH, LVEDD,
LVSDD, LVEF, sodium, potassium,
urea, creatinine, log cardiothoracic
ratio, In QTc dispersion, QTc
dispersion across leads V1-V6,
maximum QTc interval, and QRS
dispersion across leads V1-V6.

1/13 NYHA class, heart rate, SBP,
LVEDD, LVEF, sodium, ANP, NT-
ANP, BNP, norepinephrine,

Cox regression Yes
with stepwise
selection

Cox regression No
with stepwise
selection

Cox regression Yes
with stepwise
selection

Cox regression No
with stepwise
selection

Cox regression No
with stepwise
selection

NR

NR

NR

NR

NR

NR

Complete
case analysis

NR

Multiple
imputation

NR

NR

ROC AUC
(0.68)

Sensitivity,
specificity

ROC AUC
(0.71)

NR

NR

NR

NR

NR

NR

No

No

No

Bootstrap
resampling

No
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unexpected death during sleep without
worsening symptoms the day before. (NR)

endothelin, peak VO2, and percent
predicted VO2 consumption.

La Rovere
MT,%2 2003

(N=19 including ICD discharge for VT/VF)
Death occurring within 1 hr of onset of
symptoms in a medically stable patient,
death during sleep, unwitnessed death
occurring within 1 hr of the patient last
being seen alive, or appropriate and
documented ICD discharge for fast VT/
VF. (NR)

Poole- (N=589) Observed arrhythmic deaths and

Wilson,®! 2003 sudden deaths not attributable to

(ATLAS) intractable Ml or any other identifiable
cause. These deaths were also recorded
as Awitnessedod or A
with sudden loss of consciousness who
were resuscitated but later died. (Endpoint
committee adjudication)

Baldasseroni,?® (N=306) NR. (NR)
2002

2/ 9 LVEFLWRDDA O7 7 Coxregression Yes NR
VPBs 086/ h, BUN i

01.03 mg/dl, HRV

021 ms, Baseli?ne

Baseline LFP/ HFP

Controlled-br eat hi ng LF

8/22 Lisinopril treatment, age, sex,
ischaemic heart disease, LVEF,
NYHA, SBP, DBP, heart rate, sodium,
potassium, creatinine,
haemoglobin, antidiabetic agent,
aspirin, beta-blocker, long acting
nitrates, short acting nitrates,
previous ACEI, anti-arrhythmic
agent, calcium channel blocker,
anticoagulant/warfarin.

competing risk No NR
Cox regression

10/23 age, ischaemic heart disease, Cox regression No NR
prior HF hospitalisation, NYHA

class, SBP, 3rd heart sound,

chronic AF, VT, beta-blocker,

LBBB, sex, cardiothoracic ratio,

LVEF, heart rate, renal failure, ACEI,

diuretic, digoxin, nitrates,

amiodarone, calcium antagonist,

other antiarrhythmic agent and

antiplatelet.

NR

NR

NR

NR NR Run a new
model in
an
external

cohort

NR NR No

NR NR No
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Berger,® 2002 (N=44 including witnessed cardiac arrest) 1/16 log BNP, log NT-ANP, LVEF, Cox regression No NR NR ROC AUC NR No
Witnessed cardiac arrest or death within 1 log NT-BNP, SBP, big endothelin, with stepwise (0.66)
hr of the onset of acute symptoms or NYHA class, ARB, beta-blocker, selection
unexpected, unwitnessed death (i.e. rhythm, amiodarone, heart rate,
during sleep) in a patient known to have  ACElI, diabetes, CAD, hypertension.
been well within previous 24 hrs.
(Investigator report)
Teerlink,®” (N=139) Unexpected circulatory collapse 4/10 LVEF, NYHA class, CAD, age, Cox regression No NR NR ROC AUC NR No
2000 resulting in death within 1 hr in a previous milrinone, SBP, NSVT episodes, with stepwise (0.69)
(PROMISE) clinically stable patient. (Endpoint PVBs, NSVT, NSVT beats. selection
committee adjudication)
Madsen,®® (N=20) Death within 1 hr of the onsetof 5/8VT O4 beat s, s ocCoxregression Yes NR NR NR NR No
1997 new symptoms or unobserved but mmol/L, magnesi um LOCwith stepwise
assumed based on the clinical setting. creatininelLQGt21 u selection
(Investigator report) increase in heart rate during
exercise O3B5.VEFe at
noradrenaline, serum urea >7.6
mmol/L.
Szabo,?® 1997 (N=16) Death that occurred within 1 hr of 1/3 LVEF <27%, SDNN <108 ms, Cox regression No NR NR NR NR No
onset of symptoms or during sleep in the percent difference between
absence of increasing angina or acute successive normal to normal NN
worsening of HF. (Investigator report) intervals >50ms.
Szabo,190 1994 (N=23) Unexpected death within1hrof 2/4LVEF 027 %, pr e s eCoxregression No NR NR NR NR No

the onset of new signs/symptoms or

Frequency VT 0144

during sleep, in the absence of increasing VT 02s .
angina or overt HF.
(Investigator report)

AF, atrial fibrillation; ALAT, Alanine transaminase; ANP, atrial natriuretic peptide; Apo A-I, Apolipoprotein A-1; Apo B, Apolipoprotein B; CK, creatine kinase; DBP,
diastolic blood pressure; FS, fractional shortening; GGT, gamma-glutamyl transpeptidase; EQ-5D, EuroQol five dimensions questionnaire; HFP, high frequency
power; HRV, heart rate variability; hsCRP, high-sensitivity C-reactive protein; IDC, idiopathic dilated cardiomyopathy; IVCD, intraventricular conduction defect; LA,
left atrial; LFP, low frequency power; LV, left ventricular; LVEDD, left ventricular end diastolic diameter; LVSD, left ventricular systolic dysfunction; MI, myocardial
infarction; MIBG, metaiodobenzylguanidine; MR, mitral regurgitation; NR, not reported; NSVT, nonsustained ventricular tachycardia; PTCA, percutaneous
transluminal coronary angioplasty; SBP, systolic blood pressure; SDNN, standard deviation of all normal-to-normal RR intervals; TP, all frequencies total power;
TSH, thyroid-stimulating hormone; VLFP, very low frequency power; VPB, ventricular premature beat; VT, ventricular tachycardia; VF, ventricular fibrillation.
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Table 1-4 Event number and definition, and model construction and performance for pump failure death models

Outcome of interest

Model construction

Model performance

Publication  Number and definition for PFD No. final/candidate variables (final in Analytic Over- Model Missing Discrimination Calibration Validation
(Event adjudication) bold) method fitting assumption data
Kawai,”® 2015 (N=11) Death because of 3/6 MIBG score, washout rate of cardiac Cox regression Yes NR NR sensitivity, NR No
progressively reduced cardiac MIBG, creatinine, uric acid, LVEDD, LVEF specificity,
output and failed organ perfusion. predictive
(NR) accuracy
Tamaki,8° (N=11) NR. (NR) 4/7 LVEDD, washout rate of cardiac Cox regression Yes NR NR sensitivity, NR No
2009 MIBG, LVEF, creatinine, uric acid, heart to with stepwise specificity,
mediastinum MIBG uptake ratio on delayed selection predictive
image, left atrial dimension accuracy
Vazquez,” (N=123 including 20 heart 6/18Age 065, BMI LAssz&>26 |Coxregression No NR >5% Harrell's C Predicted Bootstrap
2009 transplant) Death occurring in mm, LVEDD 033 mm, LMER with stepwise excluded; (0.80) versus resampling
(MUSIC) hospitals as a result of refractory O 3 5, testrictive filling pattern), ECG & selection <5% observed
progressive end-stage HF or heart Holter (AF, heart rate >80 beats/min, QRS median survival in
transplantation. (Endpoint duration >120 ms, LBBB/IVCD, NSVT + imputation deciles of
committee adjudication) frequent VPBs), eGFR <60 ml/min/1.73 m?, their risk
hyponatremi a O1-Br8BNAmM scores
>1000 pg/ml, troponin-positive,
haemoglobin <120 g/L, GGT >50 IU/L
Wedel,”® 2009 (N=230) Cardiogenic shock; 10/29 Log NT-proBNP, age, diabetes, Cox regression No NR Complete ROC AUC Predicted No
(CORONA) pulmonary oedema sufficient to CABG, NYHA class, heart rate, AF, SBP, case (0.80) versus
cause tachypnoea and distress. HF LVEF, intermittent claudication, BMI, analysis observed

symptoms or signs requiring
intravenous therapy or oxygen
administration. Confinement to bed
but only if this is due to HF

smoking, creatinine, hypertension, CK,
angina, stroke, Apo A-l, sex, PTCA/PCI,
pacemaker, aortic aneurysm, ICD, ALAT,
triglyceride, Apo B, TSH, MI, hsCRP
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Uretsky,®? (N=102) Death due to progressive  3/8 Log BNP, SBP, CRT, interventricular Cox regression No PH NR NR NR No
2008 failure of the heart to pump mechanical delay, end-diastolic volume with stepwise assumption
(CARE-HF) adequately to sustain life. (Endpoint index, index of MR severity, EQ-5D, IDC selection examined
committee adjudication)
Mehta,?3 2008 (N=31) Worsening HF, manifest by 5/28 Age, sex, race, CAD aetiology, acute  Cox regression Yes NR NR NR NR No
an increase in symptoms and HF MI aetiology, NYHA class, outpatient vs. with stepwise
medications and usually including  inpatient assessment, SBP <115 mmHg, selection
hospitalization, in the week heart rate, AF history, QRS duration >100
preceding death (including ms, lung crackles beyond bases,
cardiogenic shock, pulmonary cardiothoracic ratio, sodium, ur ea (¢
oedema, HF symptoms/signs mmol/L, creatini he 0100
requiring intravenous therapy or Oz, haemoglobin, Troponin T, LVEDD, LVESD,
confinement at home due to HF, FS, LVEF, global left ventricular systolic
cases described as end stage HF in function, ACEI", ACEI/ARB", beta-blocker”,
which therapy was felt to be futile ~ beta-blocker and ACEI or ARB*, MRA".
and progressive HF cases in which  (‘drug therapy at the time of discharge or
terminal arrhythmias were death)
documented). (Adjudication from a
panel of 3 cardiologists)
Guazzi,8® (N=17) Deaths resulting from HF 3/6 LV mass, left ventricular end-systolic Cox regression Yes NR NR NR NR No
2007 deterioration with progression of volume, VE/NVCO2 slope, peak VO2, with stepwise
congestive symptoms. (Adjudication exercise oscillatory breathing, LVEF. selection
from a panel of 3 physicians)
Mozaffarian,® (N=684) Death due to progressively 14/17 Age, male sex, BMI, NYHA class, Cox regression No No Complete ROC AUC NR No
2007 reduced cardiac output and failure  LVEF, ischaemic aetiology, SBP, diuretic with stepwise case (0.85)
(SHFM) of organ perfusion. (Investigator dose, allopurinol, statin, sodium, selection analysis

report or endpoint committee
adjudication)

creatinine, cholesterol, white blood cell,
haemoglobin, lymphocytes, uric acid.
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Berger,®” 2005 (N=31) Death due to pump failure  3/16 Log NT-ANP, big endothelin, log BNP, Cox regression No NR NR ROC AUC
owing to progressive deterioration of log NT-BNP, NYHA class, diabetes, CAD,  with stepwise (0.88)
ventricular function with worsening ACEI, LVEF, SBP, heart rate, rhythm, selection
HF symptoms even if the terminal  amiodarone, beta-blocker, ARB,
episode was an arrhythmia. hypertension.

(Investigator report)
Kyuma,8 (N=15) Death due to deterioration of 1/6 BNP, age, cardiac 123I-MIBG activity Cox regression No NR NR NR
2004 congestive HF. (NR) (late heart to mediastinum ratio), nitrate,

diabetes, chronic renal dysfunction.

Poole- (N=445 including 39 heart 10/22 Lisinopril treatment, age, sex, Competing risk No NR NR NR
Wilson,®! 2003 transplant) Patients with intractable ischaemic heart disease, LVEF, NYHA Cox regression
(ATLAS) HF, even if the terminal event was class, SBP, DBP, heart rate, sodium,

an arrhythmia; heart transplantation potassium, creatinine, haemoglobin,

was included. (Endpoint committee antidiabetic agent, aspirin, beta-blocker,

adjudication) long acting nitrates, short acting nitrates,
previous ACEI, anti-arrhythmic agent,
calcium channel blocker,
anticoagulant/warfarin

Vrtovec,*® (N=24) Death resulting from 2/21 QTc interval >440ms, Cox regression No NR NR NR
2003 multiorgan failure caused by HF BNP>1000pg/ml, BNP<700pg/ml, BNP 701- with stepwise
progression. (NR) 1000 pg/ml, QRS >120ms, age, sex, selection

ischaemic aetiology, NYHA class, heart rate,
SBP, DBP, LVEF, LVEDD, sodium,
creatinine, inotropes, diuretic, digoxin, ACEI,
beta-blocker.

Kearney,® (N=76) Death occurred after a 3/17 Age, sex, NSVT, LVH, LVEDD, Cox regression No NR NR ROC AUC
2002 documented period of symptomatic LVSDD, LVEF, sodium, potassium, urea,  with stepwise (0.77)
(UK-HEART) or hemodynamic deterioration. creatinine, In cardiothoracic ratio, In SDNN, selection

(Endpoint committee adjudication) In VLEP, In LFP, In HFP and In TP.
Madsen,®® (N=29) Death due to progressive 79Sodi umO1 3 [ theintease in Cox regression Yes NR NR NR
1997 pump failure after a period of severe heart rate duri ng e x withstepwise

HF even if the terminal episode was NYHA class, maximal heart rate selection

an arrhythmia. (Investigatorreport) di f f er ence during 24
noradrenal[ne, potassium, urea, exercise
ti me O4 min.
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Szabo,% 1997 (N=14) Death due to progressive
pump failure included all fatalities
occurring after a period of
deterioration of HF symptoms.
(Investigator report)

Szabo,1%° (N=22) Death occurring in the

1994 presence of progressively
worsening pump function despite
maximal treatment. (Investigator
report)

55

3/4 LVEF <27%, SDNN <108 ms, percent Cox regression Yes
differences between successive normal
to normal NN intervals >50ms,

LFP>14ms?2.

2BLVEF 027 %,
0353#s24h

pr e\WB n c eCox regression No

NR

NR

NR

NR

NR

NR

NR

NR

No

No

Abbreviations are same as Table 1-3.
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1.3.2.4 Model construction

Apart from one study using logistic regression, ’# all sudden death models were
developed using Coxregression analysis. Only 2 studies examined the
proportio nal hazards assumptions’® 82 (Table 1-3). All models for pump failure
death used the Cox regression analysis, with only one study examin ing the

proportional hazards assumption®? (Table 1-4).

Overall, most studies considered routinely obtained variables for risk prediction
including demographics, clinical assessments, comorbidities, treatment, and 12-
lead ECG, echocardiography, chest X-ray, routine laboratory measures , as well
as natriuretic peptides. Some studies further incorporated other measures that

are not routinely collected such as data from signal-averaged ECG, 7" 80 24h
ambulatory ECGs (including heart rate variability parameters), 7> 77, 79, 81,89,92,94,
96-100 cardiac lodine-123 meta-iodobenzylguanidine (123-MIBQ imaging, 7> 80. 88
cardiopulmonary exercise test ing, 8% 93 9 quality of life 8 and other
neurohormonal tests (e.g. noradrenaline, endothelin). 80 87.93.95.99 The number of
candidate predictors varied generally from 3 to 29 for both the sudden death

and pump failure death models (Table 1 -3 and 1-4).

Accordingly, the final models showed a great variety in number and type of
prediction variables across these studies (Table 1 -3 and 1-4). The number of
final predictors for the sudden death models ranged from 1 to 14 (median 3.5);
nearly identical findings were observed for the pump failure death models. Of
note, overfitting (i.e. one predictive variable is studied for less than 10 events)
was observed in 7 sudden death models and 6 pump failure death models,
respectively. A few variables have emerged as the most cons istent predictors for
sudden death across these studies: LVEF was included in 11 models, in 7 of which
LVEF was used as a continuous variablé* 77 78 80. 84,91, 97 and in 4 of which LVEF
was categorised by the value of 30%#* 86 or 27948 10 respectively; age was
included in 7 studies as a continuous variable ;7# 76. 78, 84,91, 96,97 B-type natriuretic
peptide (BNP)or N-terminal pro -B-type natriuretic peptide (NT-proBNP was
included in 6 studies and in 1 as a continuous variable,® 3 as a continuous
variable with log transformation, 678 9 and 2 as a categorical variable ;% 6
sex’4 76, 78,84 and a history of diabetes 7 76 78.86 were included in 4 studies.

Likewise, a few pre dictors for pump failure death emerged consistently: LVEF
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was included in 9 studies, in 6 of which LVEF was used as a continuous variable’
78,80,84,91,99 gnd in 3 studies LVEF was categorised by he value of 2798 100 or
35%7° BNP or NFproBNP was included in 6 studies with 1 using it asa continuous
variable,® 3 as a continuous variable with log tr ansformation, 8 8287 and 2 using
categories, ’® ° and systolic blood pressure was included in 4 studies as a
continuous variable "8 828491 and in one study with the categorisation at 115
mmHg; 8 serum sodium wasincluded in 4 studies as a continuous variable 83 84 91,
94 and in one study with the categorisation at 138 mmol/ L;”® age 78 838491 gnd

serum creatinine 7 80.91.94 were included in 4 studies as a continuous variable.

1.3.2.5 Model performance

Model discrimination was examined only in 7 (32%) models for sudden death

using C statistics (i .@®@B3RRECYAranGingdrond Har |
0.66 to 0.77 (Table 1-3); similarly, C statistics w ere only evaluated in 5 (31%)

models for pump failure death, 8 79.84.87.94 which were consistently high ranging

from 0.77 to 0.88 (Table 1 -4). In the remaining s tudies for sudden death or pump

failure death, model discrimination was either unspecified or examined with the

use of the measures of sensitivity and specificity which subjectivity involved in

the selection of the cut -off values and were typically used in diagnostic tests.

Model calibration was largely unexamined, except 2 sudden death models 76 7°

and 2 pump failure death models .8 7° In general, model validation was poorly

performed across these studies. For sudden death models only 2 had internal

validation using bootstrap resampling method ,">%and one had 06ext e
v al i d%whiclinvdlved developing a new model in another cohort rather

than external validation (Table 1 -3). Only one pump failure death model had

internal validation 7° (Table 1-4).

1.3.2.6 The best existing models and their limitations

In patients with HF -REF, the SHFM originally designed to predict all -cause
death, %! was reported to have good discrimination when applied to predict
sudden death (ROC AUC 0.68pnd, particularly, pump failure death (ROC AUC
0.85).8* However, the SHFM was significantly less discriminatory for both sudden
death and pump failure death in patients who had receiving bet a-blockers than

those did not .8* Besides, the predictive variables in the SHFMmay more reflect
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overall survival, and lack specificity for mode-specific death. Based on the same
population, the SHFMauthors recently developed the Seattle Proportional Risk
Model (SPRM) to predict the proportion of deaths due to sudden death rather
than the absolute risk .”# However, data were collected in the study cohorts

before the widespread use of beta-blockers and MRAsIt is unclear whether
these models still perform well when a pplied to a contemporary cohort receiving
modern guideline recommended therapies. Models developed in the CORONA
(the Controlled Rosuvastatin Multinational Trial in Heart Failure ) trial showed
good discrimination and calibration in  predict ing sudden death as well as pump
failure death. "® Most patients had received guideline recommended therapies,
but this cohort had exclusive ischaemic cause of HF. Besides, some routine
biochemical measurements, such as serum chloride and albumin, were not
considered in the model construc tion. Models developed in the MUSIC study also
showed good calibration and discrimination to predict sudden death and pump
failure death with C statistics of 0.77 and 0.80, respectively .7° Although a
substantial number of patients in this study had received current guideline
recommended therapies, this cohort included HF patients with full range of
LVEFs, and about 25% had a LVEB45%, i.e., they are not exclusively HF -REF
patients. Besides, despite the mortality events having been adjudicated by an
endpoint committee, which is unusual in prospective cohort studies, the number
of events was relatively small, i.e. 90 sudden deaths and 123 pump failure
deaths including 20 heart transplantations. More importantly, none of the

models abovementioned have been validated in other independent cohorts, or
hastaken into account the competing risk of death from other causes (which is

frequent).

In patie nts with HF-PEF, no models have been developed to predict pump failure
death, and there is only one model available to predict sudden death, which was
based on the I-PRESERVE@he Irbesartan in Heart Failure with Preserved Ejection
Fraction Study) trial, 7® the largest trial in HF -PEF by far. All sudden death events
were adjudicated by a central endpoint committee and the large number of

events avoided model overfitting. The model simply consisted of 6 variables
including age, male sex, history of diabetes, history of myocardial infarction,

LBBB on ECG and natural log transformed NFproBNP, and showed good

di scri mi nat i on)andcalibratien. Nedesthel€ss, the Mdslel has
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not been validated in an independent cohort. Moreover, the model ling approach
did not consider the competing risk of death from other causes, which was large

accounting for 74% of total mortality.

1.33Summar y

I have summarised separately the published models to predict sudden death and
pump failure death in patients with HF, and undertook a critical appraisal of the
available models in the aspects of study and patient characteristics, the number
and adjudication of events, and model construction and model performance (i.e.

discrimination, calibration and validation).

These existing models are mainly developed in patients with HF -REF orin
patients with  HF where the LVEFwas not specified ; only one model has been
developed to predict sudden death in patients with HF -PEFand none for pump
failure death. These models all have s ome features that would limit the
consideration of their use in clinical practice: many models were developed
before the wide use of modern guideline -recommended medications, including
beta-blockers and MRAsmost were based on a relatively small study siz e and
few events, commonly leading to model overfitting; about half of the models

used the individual investigator -reported events, in which inter -investigator bias
may arise; more importantly, model performance, in particular model

calibration and model v alidation, were largely unexamined . In other words, most
models terminated at the phase of model construction, leaving the model

quality and robustness unevaluated and unknown. These limitations may in part
explain the reality that none of these models have been used in routine clinical

practice.

Consequently, there is a need to develop models to predict sudden death and
pump failure death in patients with HF -REF and HFPEF separately based on a
large cohort with a great use of modern guideline recommended therapies,
which account for the prognostic influence of the competing risk of death from
other causes, and more importantly, to examine the discrimination and
calibration ability of the developed models, and to examine the model
robustness by validating in an independent cohort. | will develop models that

meet the se requirements in this thesis. In addition, | will examine if the classic
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SHFM and the new SPRMtill perform well in  contemporary cohort s on optimal

medical therapies.

This will be achieved through the aims and objectives outlined in the next

chapter.

Al ms and Objectives
Ai ms

Following introduction and the results of the literature review the following aims

of this thesis were developed:

1 To describe the trends in the ra tes of sudden death and pump failure death

over time in patients with HF -REF and in patients with HF-PEF.

1 To develop and validate models to predict sudden death and pump failure
death in patients with HF -REF and in patients with HF-PEF.

These aims were translated into the following objectives

Obj ecti ves

1 To describe the rates of sudden death and pump failure death in patients
with HF-REF enrolledin 13 clinical trials over the period 1995 -2015.

1 To examine how the risks of sudden death and pump failure deat h have
changed between 1995 and 2015, with the cumulative introduction of
disease modifying medications in patients with HF -REF enrolled in 13 clinical

trials.

1 To calculate the cumulative incidence s of sudden death and pump failure
death during follow -up, particularly early after randomi sation, in patients
with HF-REF enrolled in 13 clinical trials.
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1 To examine if the risks of sudden death and pump failure death differ by the
length of time between HF diagnosisand randomisation in patients with HF -

REF enroled in 13 clinical trials .

1 To develop models to predict sudden death and pump failure death in a
large contemporary cohort of patients with HF -REF enrolled in PARADIGM

HF, accounting for the competing risk of death from other causes.

1 To validate the models developed in this thesis in another modern cohort of
patients with HF -REF enrolled in ATMOSPHERE.

1 To validate the existing SHFM for predicting sudden death and pump failure
death and the SPRM for predicting sudden death in the contemporary
PARADIGMHF and ATMOSPHERE cohorts.

1 To describe the rates of sudden death and pump failure death in patients
with HF-PEF enrolled in 3 clinical trials over the period 1999-2013.

1 To examine how the risks of sudden death and pump failure death have

changed over 19992013 in patients with HF -PEF enrolled in 3 clinical trials.

1 To calculate the cumulative incidence s of sudden death and pump failure
death during follow -up, particularly early after randomi sation, in patients

with HF-PEF enrolled in 3 clinical trials.

1 To examine if the risks of sudden death and pump failure death differ by the
length of time between HF diagnosisand randomisation in patients with HF -

PEF enrolled in 3 clinical trials .

1 To develop models to predict sudden death and pump failure death in a
large cohort of patients with HF -PEF enrolled in I-PRESERVEccounting for

the competing risk of death from other causes.

1 To validate the models for sudden death and pump failure death developed
in this thesis in other two cohorts of patients with HF -PEF enrolled in
CHARMPreserved and TOPCAT.
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Chapter2 Met hods

21Stugwpul ati on

I will perform the analyses based on the individual patient -level data from 16
RCTs in patients with chronic HF. Thirteen of these trials enrolled patients with
HFREF, which included the Randomized Aldactone Evaluation Study (RALESY®
the Beta-blocker Evaluation of Survival (BEST) trial, %% the Cardiac Insufficiency
Bisoprolol Study Il (CIBISI),® the Metoprolol CR/XL Randomised Intervention
Trial in Congestive Heart Failure (MERIT-HF),’ the Valsartan Heart Failure (Val -
HeFT) trial 103 the SCDHeFT trial,3? the Alternative trial and the Added trial of
the CHARMorogramme, 1%4 195 the CORONArial ,8 the Gruppo Italian o per lo
studio della sopravvivenza nel |l 8l #HBuf fi ci
trial , 1% the Eplerenone in Mild Patients Hospitalization and Survival Study in
Heart Failure (EMPHASISHF),57 the PARADIGMHF trial ,2” and the Aliskiren Trial
to Minimize OutcomesS in Patients with HEart failure (ATMOSPHERE) trial® The
remaining 3 trials were conducted in patients with HF -PEF including the
preserved trial of the CHARM programme (CHARMPreserved),® the Irbesartan in
Heart Failure with Preserved Eject ion Fraction Study (I-PRESERVE} and the
Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone
Antagonist (TOPCAT) trial. 2

All trials were approved by the institutional review boards or ethic committees

at each of the participating centres and all patients provided written informed
consent for participation in these trials. The design and results of these trials
have been published and their main characteristics are summarised in Table 2-1
and Table 2-2.
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Table 2-1 Design of the included clinical trials in HF-REF

RALES BEST CIBIS-II MERIT-HF Val-HeFT SCD-HeFT CHARM-Alternative
(N=1663) (N=2708) (N=2647) (N=3991) (N=5010) (N=2521) (N=2028)
Comparison Spironolactone Bucindolol Bisoprolol 10mg o.d. Metoprolol CR/XL  Valsartan Shock-only, Candesartan
25mg o.d. 100mg b.i.d. 200mg o.d. 160mg b.i.d. single-lead ICD 32mg o.d.
Placebo Placebo Placebo Placebo Placebo Amiodarone Placebo
400 mg o.d.
Placebo
Study period 1995-1998 1995-1999 1995-1998 1997-1998 1997-2000 1997-2003 1999-2003

Follow-up duration
Site distribution

Inclusion criteria
Age -years
NYHA class
LVEF-%

Prior HF hospitalisation

Exclusion criteria
BP -mmHg

Potassium -mmol/L
Serum creatinine

Others

Mean 24 months

195 centres in 15
countries

H-1v
035

>5.0

>221umol/L

Mean 2.0 years

90 centres in the
US and Canada

018
n-1v
035

No

Systolic BP <80

0265 bLmo

Heart rate <50
beats/min

Mean 1.3 years
274 hospitals in 18

countries in western
and eastern Europe

18-80
n-1v
035

No

Uncontrolled
hypertension,
systolic BP <100

0300

Heart rate <60
beats/min

umol /

Mean 1.0 year
313 sites in 13

European countries

and in the US
40-80

-1v

040 ( max

di stance
6 min walk test if
36-40)

No

Systolic BP <100

Mean 23 months

302 centres in 16
countries

018
-1V

<40 with
LVIDD/BSA >2.9
cm/m?

No

>221umol/L

Median 45.5 months
95 centres in the US

018
-1
035

No

>221umol/L

Pacemaker implanted

Median 33.7 months

618 centres in 26
countries

018
-1V
040

Hospitalisation for a
cardiac reason within the
previous 6 months if
NYHA class Il

Symptomatic
hypotension
05.5
0265 uLmol /

Intolerance to ACEls
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CHARM-Added CORONA GISSI-HF EMPHASIS-HF PARADIGM-HF ATMOSPHERE
(N=2548) (N=5011) (N=4574) (N=2737) (N=8399) (N=7016)
Comparison Candesartan Rosuvastatin Rosuvastatin Eplerenone 50mg o.d. Sacubitril/valsartan Aliskiren/enalapril
32mg o.d. 10mg o.d. 10mg o.d. (LCZ696) 200mg b.i.d.
Placebo Placebo Placebo Placebo Enalapril 10mg b.i.d. Aliskiren 300mg o.d.
Enalapril 5-10mg b.i.d.
Study period 1999-2003 2003-2007 2002-2008 2006-2010 2009-2014 2009-2015

Follow-up duration
Site distribution

Inclusion criteria
Age -years
NYHA class
LVEF-%

Prior HF hospitalisation

Exclusion criteria
BP -mmHg

Potassium -mmol/L

Median 41 months

618 centres in 26
countries

o018
-1V
040

Hospitalisation for a
cardiac reason within
previous 6 months if
NYHA class Il

Symptomatic
hypotension

05. 5

Median 32.8 months

371 sites in 19
European countries,
Russia, and South
Africa

060
1-1Iv
040
class Il)

(035 i

No

Median 3.9 years

357 centres in Italy

018

1-1Iv

040, or >4
hospitalised for HF in
the previous year

HF hospitalisation
within previous 12
months if LVEF >40%

Median 21 months

278 centres in 29 countries

055
I

03 (B0-35if QRS
duration >130 ms)

Cardiovascular
hospitalisation within prior 6
months; if not, BNP
0250pg/ mproBNR
500pg/ ml in

750pg/ ml in

oo

Median 27 months

1043 centres in 47
countries

O18
-1V

040/ 035
2012)

(sin

If HF hospitalisation
within prior 12 months,
BNP O100 pg/

IproBNPO400p g/ m
IBNPO150pg/ ml
\proBNPO6 00 pg/ m

Uncontrolled hypertension or Symptomatic
symptomatic hypotension, or hypotension, systolic BP

systolic BP <85

>5.0 within 24 hours prior to

randomisation

<100 at screening or <95
at randomisation

>5.2 at screening, or >5.4
at randomisation

Median 36.6 months

789 centres in 43
countries

018
-1V
035

If HF hospitalisation
within prior 12 months,
BNP 0100 pg/
proBNPO400pg/ n
not, BNP O1ct
NT-proBNPO6 0 0 p g

Symptomatic
hypotension, systolic BP
<95 at visit 1 or <90 at
randomisation

05. 0
05. 2

at
at

SCTrI €
ranc
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Renal function

Serum creatinine -
umol/L

eGFR -ml/min/1.73m?2

Others

Creati

ni

ne

C Creatinine >221

Ischaemic aetiology

Creatinine >221

eGFR <30 at randomisation

Haemoglobin <10 g/dI

eGFR <30 at screening,
or <35 at randomisation

A history of angioedema,
or intolerant of ACEls or
ARBs

eGFR <40 at screening,
or <35 at randomisation,
or eGFR decrease >25%
from screening to
randomisation

A history of inability to
take ACEls
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Table 2-2 Design of the included clinical trials in HF-PEF

CHARM-Preserved I-PRESERVE TOPCAT
(N=3023) (N=4128) (N=3445)
Comparison Candesartan 32 mg Irbesartan 300 mg o.d. Spironolactone 15-45 mg o.d.
o.d.
Placebo Placebo Placebo
Study period 1999-2003 2002-2008 2006-2013
Follow-up duration Median 36.6 months Mean 49.5 months Mean 3.3 years
Site distribution 618 centres in 26 293 sites in 25 countries 233 sites in 6 countries
countries
Inclusion criteria
Age -years 018 060 050
NYHA class 1-1v l-1v -
LVEF-% >40 045 045
Prior HF Hospitalisation for a HF hospitalisation within HF hospitalisation within prior
hospitalisation cardiac reason within previous 6 months; if not, 12 mont hs; 'i f
previous 6 months if ongoing class Il or IV pg/ml or NT-proBNP O3 60
NYHA class Il symptoms with pa/ml within 60 days before
corresponding evidence randomisation
Exclusion criteria
BP -mmHg Symptomatic Systolic BP <100, or systolic Systolic BP >160
hypotension BP >160 or diastolic BP >95
despite antihypertensive
therapy
Renal function Serum creatinine Serum creatinine Serum creatinirt
O 2 6umol/L >221 umol/L umol/L, or eGFR <30
ml/min/1.73m?
Potassium -mmol/L O5 . 5 - 05.0
Others - Intolerant of ARBs, previous -
LVEF <40%, haemoglobin
<11 g/dl
220ut comes of i nterest

In this thesis, sudden death and pump failure death are the outcomes of

interest. Adjudication of these events in each trial was carried out by an
independent endpoint committee in a blinded fashion using pre -specified

criteria. The definitions of both outcomes used int hese trials are presented in
Table 2-3. Similar, but not identical criteria , were used in most of these trials.

To increase consistency across the trials, death occurring suddenly but
accompanied by preceding HF worsening in BEST and VaHeFTwas considered as

pump failure death rather than sudden death.
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Table 2-3 Definitions of sudden death and pump failure death used in the included trials

Trial Definition of sudden death Definition of pump failure death
RALES Witnessed death from cardiac causes heralded by abrupt loss of Deaths due to worsening HF (defined as increasing symptoms or signs
consciousness within 1 hour after the onset of symptoms in a patient in requiring an increase treatment).
whom death was unexpected.
BEST Sudden death either with or without preceding changes in HF symptoms. Death due to pump failure with or without secondary arrhythmic death.
CIBIS-II Death occurring within 1 hour without previous worsening of symptoms of Death occurred as a consequence of progressive deterioration of HF, acute
HF, including unexpected deaths occurring during sleep to be sudden when pulmonary oedema, or cardiogenic shock.
patients were found dead by family members sharing the same room in the
morning.
MERIT-HF Witnessed instantaneous death in the absence of progressive circulatory Death from HF, which was any of cardiogenic shock, pulmonary edema, heart-
failure | as utespnupwithessed deashOn the absence of pre- failure symptoms or signs requiring intravenous therapy or oxygen,
existence progressive circulatory failure or other causes of death, death confinement to bed because of HF symptoms, or sudden death during hospital
within 28 days after resuscitation from cardiac arrest in the absence of pre-  stay for aggravated HF.
existing circulatory failure or other causes of death, death during attempted
resuscitation, or death within 60 minutes from the onset of new symptoms
unless a cause other than cardiac was obvious.
Val-HeFT Observed or unobserved death that was apparently sudden and unexpected Deaths occurred in the setting of worsening symptoms of HF, usually in the
and usually out of the hospital. hospital or after a recent hospitalization for worsening HF.
SCD-HeFT Death occurred suddenly and presumed to cardiac causes including Death occurring in a subject with progressively worsening HF over the

CHARM-Alternative,
CHARM-Added and
CHARM-Preserved

tachyarrhythmia, bradyarrhythmia and HF.

Death that occurred unexpectedly in an otherwise stable patient. Examples
may include: the time of death is unknown; for identified arrhythmic death; in
the absence of medical care; patient is unable to be resuscitated from
cardiac arrest; and patient who later dies from an attempted resuscitation.

preceding 3 to 4 months, in whom long-term survival was not expected, was
considered to be due to HF even when death was sudden or associated with a
terminal ventricular tachyarrhythmia event. This adjudication required the
absence of evidence that the cause of progressive HF was not a sustained
supraventricular or ventricular tachyarrhythmia. Events deemed related to HF
therapy such as those triggered by digoxin toxicity or inotrope-related
ventricular tachyarrhythmia were also characterized as being due to HF.

Death occurring within the context of clinically worsening symptoms and/or
signs of HF without evidence of another cause of death.

If worsening HF is secondary to MI, then MI should be listed as the primary
cause of death given that the patient suffered a MI within 14 days of death.
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CORONA

GISSI-HF

EMPHASIS-HF

PARADIGM-HF and
ATMOSPHERE

Sudden death refers to sudden cardiac death and includes the following
deaths:

1. Witnessed instantaneous death in the absence of any acute symptoms;
and also in the absence of progressive circulatory failure, the latter lasting
for 60 minutes or more.

2. Unwitnessed death in the absence of pre-existing progressive circulatory
failure or other modes of death.

3. Patients resuscitated from a cardiac arrest in the absence of pre-existing
circulatory failure; or other modes of death and who die within 28 days
without a non-cardiovascular cause (e.g. suicide, accident) being identified;
or a similar patient who dies during an attempted resuscitation.

4. Death within 60 minutes from the onset of new symptoms unless other
cause than cardiac is obvious.

Sudden death from cardiac cause occurring within 1 hour from symptom
onset.

Witnessed/unwitnessed instantaneous or near instantaneous death that
occurred without warning, or within 24 hours of non-diagnostic symptoms.
The cause of death has to be considered cardiac in origin and not due to
another adjudicated cause including AMI, arrhythmias or progressive HF.
No sudden symptoms: Patient was observed by anyone in his/her usual
state of health within 24 hours of death.

Sudden symptoms: Patient experienced abrupt loss of consciousness within
1 hour of the onset of at least 1 of the following new or worsened symptoms:
chest pain, dyspnoea at rest, dyspnoea with exertion, palpitations,
syncope/near syncope, other.

Death occurring unexpectedly in an otherwise stable subject. Further sub-
classification of sudden death is as follows:
1. Death witnessed or subject last seen alive <1 hour previously or

2. Subject last seen alive O1 hour

Pump failure death included the following deaths:

Cardiogenic shock (defined as hypotension resulting in a failure to maintain
normal renal or cerebral function for >60 minutes prior to death).
Pulmonary oedema sufficient to cause tachypnoea and distress.

HF symptoms or signs requiring iv therapy or oxygen administration.
Confinement to bed but only if this is due to HF symptoms.

Sudden death during hospitalisation for aggravated HF.

Not reported.

Diagnosis of HF by at least 1 of each of the following 2 criteria:

1. Symptoms: newly developed or worsening increasing dyspnoea at rest or
with exertion, newly developed or worsening orthopnoea, or newly developed
or worsening paroxysmal nocturnal dyspnoea.

2. Signs: newly developed or worsening increasing peripheral oedema, newly
developed or worsening pulmonary basilar crackles/post-tussive rales, newly
developed or worsening jugular venous distension, newly developed or
worsening third heart sound or gallop rhythm, chest x-ray evidence of
pulmonary venous congestion, renal hypoperfusion (worsening renal function)
with no other apparent cause, or pleural effusion.

And if time allows, change in HF medication (new or additional oral diuretic,
intravenous diuretic, intravenous vasodilator, intravenous inotrope, intravenous
digitalis/digitoxin or other) or supportive measures (continuous positive airway
pressure, mechanical ventilation, mechanical support, e.g. intra-aortic balloon
pump and ventricular assist device or other).

No evidence of other primary cause of death (e.g. AMI based on negative
biochemical markers of cardiac myocyte necrosis).

Death occurring in the context of clinically worsening symptoms and/or signs of
HF without evidence of another cause of death. Death occurring as a
complication of the implantation of a ventricular assist device, cardiac
transplant, or other surgery primarily for refractory HF. Death occurring after
referral to hospice specifically for progressive HF.
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I-PRESERVE

TOPCAT

Unexpected death in a previously stable patient. This includes patients who
were comatose then died after attempted resuscitation. Patients in this

category should have had recent human contact before the event. Patients
who die who have been out of contact for prolonged or unknown periods of

time will be classified as unknown.

Death that occurred unexpectedly in an otherwise stable subject. Further
sub-classification of sudden death will be as follows: witnessed or last seen
hour s.

01

and

<24

Note: If worsening HF is secondary to MI, then Ml should be listed as the
primary cause of death if the subject suffered an MI within 14 days of death.

Death from worsening/intractable HF which generally occur during
hospitalization but can occur at home during hospice care. Terminal
arrhythmias associated with pump failure deaths will be classified as a pump
failure death. Pump failure secondary to a recent myocardial infarction will be
classified as an Ml death.

Death occurring within the context of clinically worsening symptoms and/or
signs of HF without evidence of another cause of death. If worsening HF is
secondary to MI, then MI should be listed as the primary cause of death given
that the subject had an Ml within 14 days of death.
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| analysed the data in several ways, in line with the objectives of my thesis.

231Descriptive statistics

| examined the baseline characteristics of the total population, patients with

and without sudden death (i.e. those who died from other non -sudden causes
and those alive) and patients with and without pump failure death (i.e. those

who died from other causes than pump failure death and those alive) in each
trial, respectively. These include d patient demographics, clinical assessment,
medical history, medical treatment and device, and 12 -lead ECG findings and
laboratory measurements if available. Continuous variable s that were normally
distributed (e.g. age, LVEF) were summarised as mears and standard deviation s
and compar ed u steshnbgtweSrt 2lsubgroupsdisonet-way ANOVA
among G8 subgroups. Continuous variables that were not normally distributed,
e.g. NT-proBNP, were summarised using medians and interquartile range s, and
analysed usingthe non-parametric Mann-Whitney U test for comparison of 2
subgroups orthe KruskakWallis test for comparison of 8 subgroups. Categorical
variables were presented as numbers and percentages and analysed with a chi-

square test or t hicelsihadan expesteddraqaendy of tCe. s t

232Handl ing missing dat a

Missing dataoccur when no data value is available for a variable in an
observation. Rubin defined three main forms of missingness including missing
completely at random ( i.e. the probability of data being missing does not
depend on the observed or unobserved data), missing at random (i.e. the
probability of data b eing missing does not depend on the unobserved data,
conditional on the observed data), and missing not at random (the probability of
data being missing does depend on the unobserved data, conditional on the
observed data). %’ There are several methods to handle missing data .’ One is
complete case analysis, i.e. to include only those patients for whom all variables
involved in the analysis are observed, which is commonly used especially when
the volume of missing is not large. Another popular method is the imputation

technique, including simple imputation and multiple imputation, which is

70
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appropriate when data are missing (completely) at random. 19 The third is the
missing-indicator method, which does not impute missing values, instead,

missing observations are set to a certain value with an additional dummy

variable to indicate the se missing; this method allows all patients to be included

in the analysis, thus maintaining statistical power.

Analysesin this thesis were based on complete case analysis approach, except
for the scenario described below. Estimated glomerular filtration rate (eGFR)
and NT-proBNPare important prognostic factors but were not available in all
patients. Measurements of eGFRwere available in all trials except the CHARM
programme, where it was only recorded in North American patients. NT-proBNP
was recorded only in a subset of patients in Val-HeFT (81% available), CORONA
(73%), GISSHF (15%),PARADIGMHF (99.8%), ATMOSPHERE (91%)PRESERVE
(84%) and TOPCAT (18%), and was not recorded in the rest of trials (i.e.
complete ly missing). To examine the additional prognostic effect of eGFR and
NT-proBNP onthe risk of each mode of death, sensitivity analyses were
performed using the missing-indicator method, in addition to the primary

complete case analysis. Details were described in Chapter 3 and Chapter 6.

233Sur vi val data and censoring

In clinical research, it is very common that the outcome is the time from a

defined point to the occurrence of a given event, e.g. time to CV death after

some treatment intervention, or time to tumour recurrence after surgery. This

type of outcome provides more information than simply whether or not an event

has occurred. Data with time -to-event outcomes are known as survival data, or

more precisely, time -to-event data. 119 A distinctive feature of survival data is

censoring, which refers to those subjects in who m an event i s not observed

within the follow -up and thus they provide only partial information on when the

event would occur. 11! There are three types of censoring: 61 eft censorin
the event occurred prior to certaintim e but not exactly when,
censoringd wher e withiesomevanddw ofdime; and mostd
commonly, o6right censoringo Whiethisthesishe e v
focusedon O+fciegqilstori ngd since all events are
censored. 6 Ri ght c¢ e n swhen thegallowcup of@ subject ends before

an event can be observed, which can be due to loss to follow -up (e.g. the
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patient moves away), withdrawal due to a side effect, or the subject does not
experience an event by the end of the study (administrati ve censoring) or the
subject has another event that precludes the occurrence of the primary one ( a
competing risk). However, these censored subjects cannot be excluded in the
analysis since the amount of time they go through without experiencing an event

itself is informative and must be accounted for.

2340verview of surcvanvvad n tainoan ayls ivss:.
ri sk methods

Survival analysis refers to a set of statistical methods to analyse survival data
and handle censoring, i.e. allowing censored subjects to contribute information

until they leave the study for a variety of reasons.

Conventional methods for analysing survival data make the important
assumption of independent or non -informative censoring. 12 113 This means that
censoring occurs randomly, and if these subjects could be followed beyond the
time points they were censored, they would have the same future risk for the
occurrence of a given event as the non -censored counterparts. These methods
are appropriate when the outcome of interest is overall survival, but are
problematic if the outcome of interest is mode -specific death or a non -fatal

event since competing risks arise in this case. 112113

Specifically, a competing risk is an event whose occurrence precludes the

occurrence of the outcome of primary int erest. To illustrate this, assume that

the outcome of interest is CV death, but clearly a subject could die from a non -

CV cause, in this case non-CV death serves as a competing risk. Asubject who

dies due to a non-CV cause is no longer at risk for CV death no matter how long

the duration of follow -up is extended. This setting violates the assumption of

6i ndependent censoringd, which as-€WUmes t |
cause still has the same chance of having a CV death as those who remain alive.

This only exists in an imaginary world where a subject could not die from other

causesbut a CV cause. In the example of non -fatal events, death serves as a

competing risk which precludes the occurrence of non -fatal events.
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In the presence of competing risk s, censoring subjects when a competing event
occurs, as conventional survival analysis does, is inappropriate. A more
appropriate approach is to acknowledge the presence of competing risks and to
make inference for the primary outcome accounting for compet ing risks; this

method is known as competing risk analysis. 1*?

235Esti mation of the event probabil

The initial description of survival data is often to graphically present and
estimate the probability (or risk) of a given event over a certain time interval.
There are several fundamental concepts to define. 14 One of the most important
concepts is the survival function S(t), which is the probability of survival or
remaining event free to a certain time t. Another important concept is the
failure function F(t) , which can be estim ated by one minus the survival
function , 1-S(t), estimating the probability of having an event by time t, given
that a subject has not had an event just prior to that time. In the absence of
competing risk, the Kaplan -Meier (KM) estimate is commonly used to estimate
the survival function S(t) .11° Usingthe product limit method, it computes the
survival probability at a certain time interval multiplied by any earlier computed
probabilities to get the final estimate, given that the probability of survival at

the end of the interval o n condition that the subject was a survivor at the
beginning of the interval (conditional probability). The survival probability at

any particular time t is calculated by the formula given below:

1 O AlA@®O A ERGEDE EIIOE IGAT O AIA®O A ERAGBIAG AT O
1 O ATA®O A ERAG DB EO10E I0A

Yo

Only those remaining event-free and uncensored at time t are counted as at risk,
I.e. those censored by time t are not counted in the calculation. Under
independent censoring, making inference on the completely observed population
can be feasible, those at risk are representative for those censored, i.e. the
censored subjects are not at high or low risk of having an event. However,
censarings can also be caused by competing risks, and these censored subjects
will certainly not experience the primary event any longer. Since subjects that

will never fail are treated as if they could fail, the nave estimate of event

probability based on KM estimate is upwards biased, especially if the competing
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risk is large. 1'% A more appropriate estimate takes into account the possibility
that a subject is at risk for the primary outcome of interest, but can also be
removed from the risk because of competing events. This estimate refers to the
cumulative incidence function (CIF). 114 116 The CIF for kth cause is defined as
CIK(t) , which denotes the probability of experiencing the  kth event before time
t and before the occurrence of other competing events. | omit the details here
as they are not essential for a qualitative understanding of the CIF and have

been described in many publications. 114 116

In this thesis, sudden death and pump failure d eath are the outcomes of

interest, and deaths from other causes, i.e. non -sudden deaths and deaths other
than due to worsening HF, serve as competing risks respectively. | calculate d the
CIF for mode-specific death at different time points during follow -up and plotted

the CIF curves over time, counting death from other causes as a competing risk.

236 Regression models for survival d

Another fundamental concept in survival analysis is hazard function h(t) , which
denotes the instantaneous rate of occurrence of the event at time t among
subjects who are still at risk to time t.1** Hazard function regression models
allow examin ation of the effect of a set of covariates on survival or the risk of a
given event. Cox proportional hazards regression models are most popularly used
in survival analysis and Fine-Gray sub-distribution proportional hazard s

regression models are increasingly used in the context of competing risks. 112 117,
118

2.3.6.1 Cox proportional hazards regression model

Cox proportional hazards regression models are used with the assumption that

the covariates have a multiplicative effect on the hazard and this effect is

constant over time. This can be written as h(t)=h o(t)exp(XN), where h o(t)

denotes the baseline hazard function (i.e. the hazard function when all

covariates are set to zero), X denotes a set of covariates,and N denotes t h
corresponding coefficients; the e xponentiati on of a beta-coefficient for a certain
covariate is the corresponding h azard ratio (HR), which denotes the relative

change in the hazard function by increasing the covariate by one unit holding
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other covariates constant. A hazard ratio reflects whether, and to what the
extent, the rate of outcome of interest is affected by a  certain covariate. A HR
=1 implies no association between the covariate and the rate, a HR >1 implies
that an increase in the covariate value is associated with a higher rate, whereas

a HR <1 implies that an increase in the covariate value is associated wi th a lower
rate. Moreover, the further away the HR is from 1, the larger the effect in that

covariate.

Under independent censoring, the cumulative hazard function H(t) can be

esti mat ed -haleneasthhateds,onwhi ch i s based on the
information of the KM estimate.**Ther e i sto-andé®&® nreel ati onshi
the hazard function and incidence: a risk factor associated with a higher hazard

of a given event is also associated with a higher incidence. 4 The relation is :

Yo Q or'06 p Q E1Y0 Yo

However, in the presence of competing risks, there is no longer direct
correspondence between the hazard of the event of interest and its cumulative
incidence, as the cumulative incidence of a given event depends not only on the
hazard itself bu t also on the hazard of competing events. 4 Regression models in

the context of competing risks are detailed below.

2.3.6.2 Models in the presence of competing risks: cause-specific hazards
and sub-distribution hazards

To accommodate competing risks, there mainly exist two modelling methods:
one models the association of covariates on the cause-specific hazard functio n,
and the other models the association of covariates on the CIF.'14 Both methods
are valid and the choice of the appropriate approach depends on the research
guestion: the former is preferred for aetiologic al questions and the latter is

preferred for prognostic research.1?

Assuming the research question is to assess the effect of experimental treatment
compared with placebo on sudden death, then non-sudden deaths serve as
competing events. If the treatment reduced the rate of sudden death but did not
affect the rate of non-sudden deaths, the treatment would reduce the absolute

risk of sudden death, but this reduced risk would leave more patients at risk for
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non-sudden death. Thus, although the treatment did not affect the rate of non -
sudden death, we would e xpect to observe an increase in the absolute risk of
non-sudden death associated with the treatment.  Similarly, if the treatment

only modestly reduced the rate of sudden death but dramatically reduced the
rate of non -sudden death, the absolute risk of sudden death would increase
merely because the lowered incidence of non-sudden death leaves more patients
vulnerable to sudden death. In this case, the over -compensation could conceal
the moder ate rate reduction of sudden death associated with the treatment . If
it is an aetiological research question (e.g. does the treatment decrease the rate
of the event of interest ?), causespecific hazards regression models are
preferred, and if it is relevant to prognosis (e.g. does the treatment decrease

the absolute risk of the event of interest ?), models on CIF are recommended!??

Regression on the causespecific hazard function can be a chieved by a Cox
proportional cause -specific hazards regression model. This model assumes the
same functional association between covariates and the cause -specific hazard
function, as the popular Cox model for overall survival in the absence of
competing risks does for the association between covariates and the overall
hazard. It is technically valid that a cause -specific hazards model for a specific
event can be fitted in a standard Cox regression treating competing events as if

they were censored.

Severd models for regression on CIF have been introduced and the most popular
model of this kind is the Fine -Gray sub-distribution proportional hazards

model. 116 118 |t builds a direct correspondence between covariates and
cumulative incidence of a cause -specific event, as does the popular Cox model
for the incid ence of all -cause mortality. 14 The resulting estimate for the effect
of each covariate is known as sub-distribution hazard ratio (SHR). The numerical
interpretation of sHR is same as the HR, and the difference is that the effect of

the former is on CIF while the latter is on rate. 114

In this thesis, | used the Cox cause-specific hazards regression model to assess
the rates of mode -specific death acrosstrial arms and by HF duration, and used

Fine-Gray sub-distribution hazards model for model development and validation.
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23 7Model validity assessment
2.3.7.1 Overfitting

Overfitting refers to a scenario that random error or noise is fitted in a

regression model resulting in unstable coefficients and it occurs when a model is
excessively complex, such as having too many parameters relative to the number
of observations/even ts. To avoid overfitting, there is a rule of thumb that there
should be at least 10 events for each final prediction variable of a multivariable

model. 71

2.3.7.2 Linearity assumption for continuous variables

The linearity assumption refers to an equal change of a continuous variable will
have an equal effect on outcome. A variety of non -linear relationships are
possible. It is inappropriate to put a continuous variable into a model without
examining its linear ity, since any non -linearity may lead to a loss of efficiency
and introduce bias underlying the association. " | used restricted cubic spline
method with 5 knots to examine the linearity for a continuous variable  with
outcome. 1 120 |f the relationship appears non -linear, certain cutoff values or
mathematical transformation were applied based on the spline curves and

clinical relevance.

2.3.7.3 Distributional assumption

For a certain regression analysis to be valid, the distributional assumption must
be true. The Cox model makes a key assumption of proportional hazards, which
refers to the survival functions for two strata must have hazards that are
proportional over time, i.e. the relative hazard is constant. This assumption is
commonly examined by testing Schoenfeld resid uals with the null hypothesis of a
zero slope in a generalised linear model on time, and by visually assessing the
paralleli sm of curves from log-log survival plots. 2! For the Fine-Gray model in
the competing risk settings, an equivalent to the hazard for the = Cox model is the
sub-distribution hazard, which refers to the hazard for an individual who either
fails from cause k or does not, and in the latter case has an infinite failure time

for cause k, given that with mutually exclusive event types, those who fail from

one cause are no longer at risk for failing from other causes. Like the Cox model,
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the Fine-Gray model makes a proportional assumption for the sub -distribution
hazards, i.e. they are constant over time or time -independent. 18 The
assumption can be examined by adding time varying terms of the cov ariates in
the model. The proportional sub -distribution hazards assumption is valid if none

of the time -dependent covariates are statistically significant. 122

2.3.8Model performance assessment

When developing, or validating a model, we need to quantify how good the
prediction from a model is, that is model performance. There are two

fundamental aspects of model performance: ¢ alibration and discrimination .23

Cali bration, someta¢tmesn kaoccthermagaiyudeofr ie s i
agreement between predicted and observed event rates at a population level,
with better models having smaller difference s in-between. Calibration can be
assessed graphically with the prediction on the x -axis and observation on the y -
axis, and perfect prediction should be on the 45 -degree line. For a binary
outcome, the y-axis (observation) only contains 0 and 1 values, and thus
smoothing techniques, e.g. loess algorithm, are routinely used to estimate the
observed probabilities corresponding to the predicted probabilities. We can also
plot the results for patients with similar predicted risks to identify mis -
calibration in certain risk subgroups. For example, we can plot the observed
outcome by decile s of prediction risks , which is a graphical depiction of the
Hosmer-Lemeshow goodnessof-fit test. 24 For survival data, we can plot the
observed vs. predicted probabilities of an event across different risk subgroups
over certain time interval to identify mis -calibration in certain risk subgroups or

at certain timepoints. 72
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Figure 2-1 Calibration graph - an example
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Predicted risk from the model
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Observed risk based on data

Each circle corresponds to observed risk based on data (x axis) and predicted risk from the model
(y axis) in each risk subgroup. The dotted line is the 45-degree line which indicates perfect
prediction.

Discrimination, al s orefrsntotherabiliysofé@ malg@r at i o |

distingushpati ents who develop an event (06cas

( 6 c o n tirrtimé - event settings, discrimination is the ability to separate
who will develop an event earlier from who will develop an event later or not at
all. > 122 The concordance (C) statistic is routinely used to quantify the
discrimination ability of prognostic models with binary and survival outcomes. In
general, C statistic ranges from 0.5 (ra ndom concordance) to 1 (perfect
concordance). For a binary outcome, C statistic is identical to the area under
the receiver operating characteristic curve (ROCAUC) !> which plots sensitivity
(proportion of 6 ¢ a sfar whdm the model predicts are at high risk) against 1-
specificity (proportion of & ¢ o n t for awhom &he model predicts are high risk)

for consecutive cutoffs for the probability of an outcome . The area indicates an

estmat ed probability that for any possible

6cased has a higher predicted risk than

time -to-event outcomes, C statistic is a rank -order measure, in which a pair of
patients is called co ncordant if the event occurs earlier in the patient who has
the higher risk predicted by a model, or vice versa. In the presence of right
censoring, a pair of patients cannot be ordered if both are event -free and which

one will first develop an event is un known. The C statistic proposed by Harrell,

1
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known as lignoresahe pairsthat cannot be ordered and only use
dorderabled pairs to calcul at &Htahe ed d o |
depends on the study-specific censoring distribution, to accommodate for this a

modified C index is proposed using the inverse of the probability of censoring

weighted estimator. 127

Figure 2-2 ROC curve - an example

A point in the upper left corner or coordinate (0,1) of the ROC space indicates a perfect
classification with an area under ROC curve of 1.0, which represents 100% sensitivity (no false
negatives) and 100% specificity (no false positives). The dotted diagonal line gives an area
under ROC curve of 0.5 which represents a random guess i.e. no-discrimination. The more the
points move towards the upper left direction, the better the discrimination is. The example given
here has an excellent discrimination with an area under the ROC curve of 0.89.

It can be argued that discrimination ability is more important than calibration
since inadequate calibration can be adjusted (i.e. re -calibrated) whereas poor

discrimination cannot be altered. 72

2.39Mod el val i dati on

Validation refers to the process of assessing the performance of a predefined
model in new data. It is worth noting that there are two misconceptions of the
validation practice including repeating the whole modelling process in the
validation cohort (which leads to new predictors and their corresponding
coefficients), and refitting to the valid ation cohort the predictors from the
derivation model (same predictors but different coefficients), both of which will
lead to a new model other than validating the existing model, and as such,
would themselves need validation. 2 In terms of the independence of the
validation cohort, validation can be divided into two subtypes: internal
validation, which reuses a subset or all of the cohort in which a model was
developed, and e xternal validation, which uses a different cohort from the one
for model derivation. In general, internal validation is used to assess and correct
for the sampling variation of the derivation model, and bootstrapping is the most
commonly used technique; ”® whereas, external validation examines the
replicability or generalisability of a developed model to a different but plausibly
related cohort, which is crucial and a first step towards the introduction of a

new model for consideration to use in clinical practice. 73
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In this thesis, external validation was performed for all the derived models to
predict sudden death and pump failure death in both the HF -REF and HFPEF
populations. The performance s of the existing SHFM* and SPRM* were also
examined externally in the contemporary PARADIGMHF and ATMOSPHERE

cohorts. 6 27

2.3.10 Indi vi dual ri sk estimati on

To estimate the absolute risk (i.e. CIF) for mode -specific death in individual
patients using the models to be developed, the risk score was first calculated as
the sum of the product s of each predictor coefficient from each model and the
corresponding predictor va lue in an individual patient. ! The derived risk score
was to compute the corresponding incidence of mode -specific death at a given

follow -up time by using the formula below:
Estimated CIF (t) =10[1 - Clk (t)]**exp(risk score) =1 - S(t)**exp(risk score)

2.3.11 Statistical software packages

The cumulative incidence function and C index were achieved usingthe 6 ¢ mpr s k
and 6 p epadkages in R project (version 3.2.3). Other data analyses were

performed using the Stata (version 14, Stata Co rp, College Station, TX, US). All

tests of statistical significance were two -tailed at a significant level of 0.05 (p

<0.05).

Chapter3 Rates of sudden death
failureveeait h AMiREF

In this chapter | will describe the rates of sudden death and pump failure death
separately in patients with HF -REF enrolled in 13 clinical trials over the period
1995-2015. | will examine how the risks of sudden death and pump failure death
have changed over this period with the cumulative use of evidence based
medications, the cumulative incidence of each mode of death during follow -up,
particularly early after randomisation, and whether these risks differ by the

length of time from HF diagnosis to random isation. The cumulative incidence
function method will be used to calculate the incidences of sudden death and

pump failure death during follow -up counting the competing risk of death from
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other causes, the linear regression analysis will be used to examin e the rate of
each mode of death with the calendar year, and the conventional Cox regression
analysis will be used to compute the annual rates and hazard ratios for each

mode of death across trial arms and by HF duration.

3.1 Met hods

311Stugwppul ati on

| attempted to obtain a Il major randomised clinical trials which supported
guideline recommendations in patients with stable chronic HFREF(with a LVEF
040% and N YVWmptoms) sosducted over the last two decades.
Among the 43 trials identified, 21 trials were excluded as the reasons indicated
in Figure 3-1. A total of 22 trials were eligible for this analysis, but data were

not obtained in 9 trials, and their characteristics are summarised in Appendix
Table 4. Therefore, 13 RCTsavailable were included in the analysis, namely,
RALES, BEST, CIBI§ MERITFHF, ValHeFT, SCBHeFT, CHARMAIlternative,
CHARMAdded, CORONA, GISSiF, EMPHASISIF, PARADIGNHF and
ATMOSPHERES 27 32, 66,67, 102-106 The design and results of these trials have been

report ed in detail and their main characteristics are outlined in Table 2-1.
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Figure 3-1 CONSORT diagram for trial selection in HF-REF

Chronic HF-REF trials supporting guideline
recommendations [N=43]

Excluded [N=21]:

* Small sample size (<1000)[N=12]: CONSENSUS, V-HeFT I, V-HeFT II,
V-HeFT Il (outcomes not adjudicated), TIM-HF, CHAMPION, ECHO-
CRT, IN-TIME (a high proportion of defibrillator use), COMPANION (after
excluding ICD arm), DEFINITE, CARE-HF, ANDROMEDA,

» Not broadly representative[N=2]: A-HeFT(African Americans), RED-HF
(anaemia);

+ ICD in many or all patients in both arms [N=3]: MADIT-CRT, RAFT,
HF-ACTION;

*  Outcomes not adjudicated [N=3]: SOLVD-P, SOLVD-T, DIG;
* Not exclusively HF-REF [N=1]: SENIORS.

A

*1 Eligible but not available/obtained [N=9]:
PRAISE 142, ELITE 11, COPERNICUS, COMET, AF-CHF,
ATLAS, SHIFT, HEAAL, STICH.

y

Eligible and included [N=13]:
RALES, BEST, CIBIS-II, MERIT-HF, Val-HeFT,
SCD-HeFT, CHARM-Alternative, CHARM-Added,
CORONA, GISSI-HF, EMPHASIS-HF,
PARADIGM-HF, ATMOSPHERE.

3.120ut ccmé I Nt er est

| examined the annual rates and the proportions of sudden death and pump

failure death separately in each trial, the cumulative incidences of each mode of
death at different time points from randomisation (30 days, 60 days, 90 days,
180 days, 1 year, 2 years and 3 years), and the risks of each mode of death
according to the length of time between diagnosis of HF and randomisation ( O 3
months, >3-6 months, >6-12 months, >1-2 years, >2-5 years, and >5 years). In
each trial , an independent endpoint committee blindly adjudicated death events
using pre-specified criteria. Similar but not identical criteria were used in these
trials (Table 2 -2). In BEST and ValHeFT, sudden death events included those

with preceding HF symptoms, and to ensure consistency these events were

counted as pump failure death other than sudden death in this analysis.

31.3Adj ust ment for poitreqtvadi aind O un

The confounding effect of a number of variables on the risk s of sudden death
and pump failure death was examined including age, sex, LVEF, NYHA class,

ischaemic aetiology, and a history of myocardial infarction, hypertension and
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diabetes, which had been collected in all trials. The measurements of eGFR
were available in all trials except CHARM (measured only inNorth American
patients). Plasma NT-proBNPlevels were measured only in Val-HeFT, CORONA,
GISSIHF, PARADIGMHF and ATMOSPHERH he additional prognostic influence of
eGFR and NTproBNP oneach mode of death was examined in patients with full

data and aft er missing data imputation.

314Statistical anal yses

Baseline characteristics of all patients in each trial were summari sed as means
with standard deviations for continuous variables and percentages for

categorical variables. Baseline characteristics of patients having a sudden death
and the remaining patients (i.e. those alive and those dying non-suddenly) in
each trial were also summarised and compared usingS u d e ntesbfer t
continuous variables and chi square test for categorical variables. Likewise,
baseline characteristics in patients with pump failure death and the rest (i.e.
those survived and those died without worsening HF ) in each trial were
summarised and compared. NT-proBNP was presented as median and
interquartile range and analy sed using the Mann-Whitney U test, because of

violating the assumption of normal distribution

The cumulative incidences for sudden death and pump failure death in each trial
were calculated separately at the time points of 30 days, 60 days, 90 days, 180
days, 1 year, 2 years and 3 years from randomisation, counting death from other
causes as a comgting risk, and were also outlined using cumulative incidence
curves. The annual rate s of each mode of death in each trial and in each arm of
each trial w ere calculated per 100 patient -years. The hazard ratio for each
mode of death in each trial arm was ca Iculated using cause-specific Cox
proportional hazards model using the placebo arm of the earliest trial, RALES, as
the reference. In a Cox model , the association between calendar year and the
risk for each mode of death was then examined with adjustment f or
randomisation arm and with trial as a random effect. These models were then
further adjusted for the confounding variables listed above. For models further
adjusting for eGFR and NT-proBNP, complete case analysis was performed as the

primary analysis, together with a sensitivity analysis based onthe missing
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indicator method using single imputation for a missing value in those trials
where data were not completely missing with a further cov ariate indicating
missing data.1%® The associations between calendar year and the annual rate s of
sudden death and pump failure deat h were assessedseparately in a multiple
linear regression model with the randomisation year and randomisation arm as
covariates, weighted by the inverse -variance of the annual rate with trial as a
random effect. A multivariate linear regression analysis w as also undertaken for
all-cause death to assess whether apparent outliers from the overall trends may
result from the patients themselves enrolled in a specific trial or the

misclassification of death events.

The duration between HF diagnosisand randomisation was collected in BEST,
Val-HeFT, SCBHeFT, CHARMAlternative , CHARMAdded, CORONA, GISSHF,
EMPHASISIF, PARADIGMHF and ATMOSPHERE, but not in RALES, CIBISr
MERITHF. To assessthe effect of HF duration on the risk of each mode of death,
patients with data available were merged and further divided into 6 groups:
diagnosis within 3 months, >3-6 months, >6-12 months, >1-2 years, >2-5 years,
and >5 years. According to these duration groups, cumulative incidence curves
for each mode of death were producedand wer e compared usi ng¢
test, 28 and hazard ratio s for each mode of death were calculated employing
patients with new-onset HF (within 3 months of diagnosis before randomisation)
as reference, with adjustment for the confounding variables listed above and

counting within -trial clustering .



Chapter 3 86

32Resul ts

This analysis consisted of 46,163 patients randomised in the 13 clinical trials
conducted in patients with HF -REF overthe past two decades (1995-2015), after
excluding patients having an ICD or CRFD (N=4228) at baseline and patients with
a LVEF greater than 40% in GISSHF (N=461). Of the analy sable patients, 10,857
(23.5% of total population ) died during follow -up, and 4190 (9.1%)were
attributed to sudden death and 2973 (6.4%)were due to pump failure death .
The levels of eGFRwere measured in 43,060 (93%) patients and both eGFR and
plasma NT-proBNP were available in 20,730 (45%) patients.

321Baseline characteristics of stud

The key characteristics of patients in each trial are summarised in Table 3-1.
There was a higher mean age in CORONA (73 years) and EMPHASHE (69 years)
compared to the other trials, because both set a minimum age threshold for
inclusion (60 and 55 years respectively). Most patients were men across the
trials ; the proportion was highest in CIBIS-II (81%) and lowest in CHARM
Alternative (68%). By design, all patients had NYHA class IIFHV (predominantly
class Ill) symptoms in RALES, BEST and CIBI§ all were in class IlI-1ll in SCDHeFT
(mainly class Il) and all were in class Il in EMPHASHBIF. The remaining trials
enrolled patients mainly in NYHA class Il and Ill. The mean LVEFvaried greatly
by trial , ranging from 23% in BEST to 32% in GIS$F. CORONA by desigmonly
enrolled patients with an ischaemic aetiology ; ischaemic aetiology was
predominant in the remaining trials except GISSIHF (40%) The proportion of
patients with a history of hypertension was much higher in the more recent trials
and this was also the case but to a lesser extent for the prevalence of diabetes.
The proportion of patients with  renal dysfunction (defined as eGFR <60

ml/min/ 1.73 m?) varied across the trials ranging from 25% inATMOSPHERI6
57% in CORONAThe use of ACEIs/ARBsvas consistently high (over 90%) across
these trials, except CHARMAIternative in which all patients were intolerant to
ACES$. Rates of treatment with a beta-blocker and a MRAwere substantially

higher in the more contemporary trials.
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Table 3-1 Baseline characteristics of patients in the included trials in HF-REF

Missing data RALES BEST CIBIS-II MERIT-HF Val-HeFT  SCD-HeFT
No. (%) (N=1663) (N=2617) (N=2647) (N=3991) (N=5010)  (N=1692)
Age -years 0 65.2411.9 60.2+12.4 60.9410.5 63.389.7 62.7#11.1  58.9+11.9
Male (%) 0 73.2 77.9 80.5 77.5 80.0 76.5
Race (%) 3860 (8.4)
White 86.6 69.4 99.0 94.1 90.3 76.4
Black 7.2 235 0.3 5.2 6.9 16.2
Asian 19 - 0.6 0.4 - 1.2
Other 4.3 7.1 0.2 0.3 2.8 6.2
LVEF -% 112 (0.2) 25.446.7 23.147.3 27.446.0 27.746.9 26.747.2 23.946.9
NYHA class (%) 12 (<0.1)
| 0.1 0 0 0 0.1 0
Il 0.4 0 0 41 61.8 70.6
1] 70.5 91.7 83.2 55.4 36.2 29.4
\Y 29.0 8.3 16.8 3.6 1.9 0
Ischaemic aetiology (%) 8 (<0.1) 54.6 58.0 49.8 65.3 57.2 52.0
Blood pressure -mmHg
Systolic 20 (<0.1) 122.24#20.1 117.3#18.0 129.7#19.4 129.8#17.2 123.8#18.5 120.0+19.4
Diastolic 29 (<0.1) 74.6411.6 71.1#1.2 79.7#411.1  78.389.2 75.5#10.6  71.2#11.3
Heart rate -beats/min 18 (<0.1) 80.9+14.2 81.7+13.2 80.5#15.0 82.5#10.2 73.4#12.6 74.6#13.9
Body mass index 1810 (3.9) - 28.045.9 26.9#4.1 27.244.7 26.9#4.5 -
Medical history (%)
Current smoking 6677 (14.5) - 17.8 16.6 14.5 - 15.6
Previous HF 22498 (48.7) - - - - - -
hospitalisation
Angina 6641 (14.4) 6.7 51.7 - 39.7 21.2 30.5
Myocardial infarction 4 (<0.1) 28.4 41.8 55.0 48.2 46.9 44.3
PCI 10668 (23.1) - 15.2 4.4 8.0 - 21.1
CABG 4314 (9.3) - 28.3 - 20.9 23.2 26.8
Hypertension 1(<0.1) 235 59.2 435 43.8 40.9 56.0
Diabetes 0 22.2 36.1 11.7 24.7 25.5 30.4
Atrial fibrillation 4315 (9.3) - 23.9 - 16.7 12.1 14.7
Stroke 4308 (9.3) - - 7.49 7.9 6.9 7.2
Laboratory tests
eGFR -ml/min/1.73m? 3103 (6.7) 64.9423.0 70.1£24.7 77.5431.3 66.6£19.6  61.4+15.6 70.9+22.2
eGFR <60 3086 (6.7) 47.8 35.7 31.6 36.8 46.9 323
ml/min/1.73m? (%)
Creatinine -mg/d| 3084 (6.7) 1.2440.36 1.2440.41 1.184.33 1.21#0.37 1.284#0.31 1.21#0.74
NT-proBNP -pg/ml 25419 (55.1) - - - - 90l1a -
[377-1990]
Treatment (%)
Digitalis 14 (<0.1) 735 92.1 52.0 63.6 67.3 71.1
Diuretics 14 (<0.1) 100 93.4 98.5 90.3 85.5 83.5
ACEI 14 (<0.1) 94.5 91.4 96.0 89.5 92.7 85.6
ARB 9199 (19.9) - 6.2 - 6.6 NA 14.8
ACEI/ARB 2678 (5.8) - 96.6 - 95.7 96.4 97.5
Beta-blocker 14 (<0.1) 10.6 NA NA NA 34.9 68.7
MRA 9001 (19.5) NA 3.3 10.9 0.2 5.0 19.3
Pacemaker 15008 (32.5) - 7.9 - 3.9 - 0
CRT-P 30723 (66.6) - - - - - -
Treatment arm 0 49.4 50.0 50.1 49.9 50.1 49.9
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CHARM- CHARM- CORONA  GISSI-HF EMPHASIS- PARADIGM- ATMOSPHERE
Alternative Added (N=4875)  (N=3820) HF HF (N=5968)
(N=1960) (N=2448) (N=2316) (N=7156)
Age -years 66.1+10.8 63.6+11.0 72.74.1 67.2410.8  68.747.7 63.7+11.6 63.1+12.1
Male (%) 67.6 78.4 76.0 79.0 76.1 76.7 76.5
Race (%)
White 88.4 90.5 98.6 - 81.2 62.6 61.7
Black 3.7 5.0 0.3 - 2.2 4.8 1.6
Asian 6.6 3.6 0.7 - 13.3 20.7 28.9
Other 13 0.9 0.4 - 3.3 11.9 7.8
LVEF -% 30.047.4 28.1+7.5 30.1+6.4 31.616.2 26.4+4.4 29.916.1 28.815.5
NYHA class (%)
| 0 0 0 0 0 4.9 0
1 48.0 24.1 37.1 63.1 100 69.8 61.4
1] 48.5 72.9 61.5 34.8 0 24.6 36.4
\Y 35 2.9 15 2.2 0 0.8 2.2
Ischaemic aetiology 67.8 62.5 100 40.1 68.1 58.7 54.2
(%)
Blood pressure -
mmHg
Systolic 130.4418.7 125.6#18.6 129.5#16.4 126.5#18.0 125.0+16.8 122.0+15.4 124.44#18.2
Diastolic 76.8+10.7 75.2410.7 76.348.9 77.119.8 75.3#10.2 74.2+10.0 77.6+11.0
Heart rate -beats/min  74.5#13.7 73.7#13.1 71.8411.2 73.2413.6 72.3812.7 72.9+12.1 72.4412.7
Body mass index 27.444.8 27.845.3 27.2#4.6 27.0#4.5 27.5#4.9 27.945.5 27.245.3
Medical history (%)
Current smoking 13.7 17.1 8.7 14.9 10.7 14.1 12.4
Previous HF 68.2 77.0 - 44.4 51.2 62.3 58.5
hospitalisation
Angina 58.1 52.6 72.7 11.4 43.5 27.2 23.7
Myocardial 61.0 55.2 59.4 32.9 48.2 40.8 37.3
infarction
PCI 15.7 14.3 11.2 8.1 18.6 18.1 16.3
CABG 24.5 24.1 16.5 13.9 15.6 13.2 11.6
Hypertension 49.8 48.1 63.9 52.7 67.2 71.3 62.4
Diabetes 27.0 30.2 29.5 25.9 31.6 33.6 27.3
Atrial fibrillation 25.3 26.4 40.9 18.8 30.7 36.6 335
Stroke 8.4 8.4 12.5 4.5 9.4 8.3 7.0
Laboratory tests
eGFR - 68.5426.7b 73.3#26.9c 57.8+#15.1 69.9+21.8 71.4421.8 68.8420.3 75.1224.7
ml/min/1.73m?
eGFR <60 41.5b 32.5¢c 57.0 33.9 321 34.4 24.6
ml/min/1.73m? (%)
Creatinine -mg/d| 1.211#0.45b 1.1640.40c 1.30#0.32 1.1540.34 1.1440.30 1.1040.29 1.0240.27
NT-proBNP -pg/ml - - 1480d 884e - 1640 1204f
[618-3156] [381-1980] [888-3342]  [630-2285]
Treatment (%)
Digitalis 454 57.9 33.1 40.1 28.2 31.2 325
Diuretics 85.3 90.0 88.2 81.5 86.4 79.8 79.0
ACEI 0 100 80.2 78.1 78.5 77.2 66.9
ARB NA NA 12.7 18.1 19.0 23.0 1.4
ACEI/ARB NA NA 91.8 93.7 94.4 99.8 67.3
Beta-blocker 54.2 54.7 75.0 63.3 86.0 92.4 90.9
MRA 235 16.8 38.9 39.8 NA 55.5 35.3
Pacemaker 8.0 7.9 10.6 10.4 8.4 7.2 4.1
CRT-P - - - - 2.3 1.9 1.8
Treatment arm 49.6 50.2 50.1 50.0 50.3 49.8 66.6

A Cerebrovascular diseases.
The letters denote the number of patients available: a=4067(81%), b=618(32%), c=872(36%), d=
3555(73%), e=570(15%), f=5408(91%).
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There were some differences in baseline characteristics between patients with
and without sudden death (Table 3-2). Overall, those who died suddenly were
older, more often male, and were more likely to have worse HF symptoms, lower
LVEFor an ischaemic aetiology than those who had not died suddenly. Patients
with sudden death tended to have a lower bl ood pressure, a higher heart rate ,
and were more likely to have prior myocardial infarction , a history of diabetes
and renal dysfunction, but were less likely to have undergone coronary
revascularisation. The NT-proBNP levels were substantially higher in patients
having a sudden death in the trials with data available . There was a less use of a
beta-blocker but a greater use of a diuretic, digitalis or MRAIn patients having a

sudden death.
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Table 3-2 Baseline characteristics of patients with and without sudden death in the
included trials in HF-REF

RALES BEST CIBIS-II MERIT-HF
SD Others SD Others SD Others SD Others
(N=192) (N=1471) (N=294) (N=2323) (N=131) (N=2516) (N=211) (N=3780)
Age -years 66.5+10.1 65.1+12.1 61.0#12.2 60.1#12.4 61.1#10.0 60.9410.6 63.3#89.9 63.319.7
Male (%) 81.8** 72.1 79.3 7.7 83.2 80.4 83.4* 77.2
LVEF-% 24.436.7* 25.546.7 21.3+7.0*** 23.347.3 26.246.3*  27.546.0 25.747.0%** 27.84%6.9
NYHA class (%) *
| 0 0.1 0 0 0 0 0 0
1 0.5 0.3 0 0 0 0 31.3 41.5
11l 74.5 70.0 91.2 91.8 81.7 83.3 64.5 54.9
\Y 25.0 29.6 8.8 8.2 18.3 16.7 4.3 3.6
Ischaemic aetiology  60.9 53.8 68.7*** 56.7 48.9 49.8 72.0* 64.9
(%)
Race (%) *
White 89.1 86.3 66.3 69.8 99.2 99 91.9 94.3
Black 4.2 7.6 26.2 23.2 0 0.3 7.1 5.1
Asian 4.2 1.6 0 0 0.8 0.6 0.5 0.4
Other 2.6 4.5 7.5 7.0 0 0.2 0.5 0.2
BP -mmHg
Systolic 122.9121.0 122.1+20.0 116.1#16.8 117.5#18.2 126.5#18.3 129.9#19.4 125.7#17.4** 130.0£17.1
Diastolic 74.3#12.3 74.6£11.5 69.8#11.0* 71.3#11.2 78.4+x10.0 79.8#11.1 77.3¥9.4 78.349.2
Heart rate -beats/min  79.0414.2 81.1+14.2 81.3#13.3 81.8+13.2 82.2+14.2 80.4#15.0 83.7#11.1 82.5+10.1
BMI - - 27.845.8 28.015.9 26.413.8 26.9#4.1 26.7#4.9 27.34.7
Medical history (%)
Current smoking - - 13.3* 18.3 13.0 16.8 15.2 14.4
HF hospitalisation - - - - - -
Angina 8.3 6.5 53.7 514 - - - -
Myocardial 32.3 27.9 48.6* 40.9 53.4 55.1 53.6 47.9
infarction
PCI - - 15.6 15.2 3.1 45 - -
CABG - - 29.9 28.1 - - 15.6 21.2
Hypertension 32.3** 22.4 63.3 58.6 45.8 43.3 43.1 43.8
Diabetes 25.0 21.8 38.4 35.9 13.0 11.7 24.2 24.7
Atrial fibrillation - - 23.8 23.9 - - 21.8* 16.4
Stroke - - - - 16.09F** 7.01 10.9 7.7
Laboratory tests
eGFR T 61.0£22.1* 65.4123.0 66.2421.3** 70.7#25.0 72.026.5* 77.7431.5 65.2+20.9 66.7+19.5
ml/min/1.73m?
eGFR <60 52.6 47.1 41.0* 35.1 35.1 31.5 40.3 36.4
ml/min/1.73m? (%)
Creatinine -mg/d| 1.3340.39** 1.23#0.36 1.2940.37* 1.23#0.41 1.23#0.31 1.1740.33 1.2640.37* 1.2140.37
NT-proBNP -pg/ml - - - - - - - -
Treatment (%)
Digitalis 74.0 73.0 95.9* 91.6 67.9%x* 50.8 74.9%+* 63.0
Diuretics - - 96.3* 93.1 - - 93.8 90.1
ACEI 95.3 93.4 92.9 91.3 97.7 94.6 89.6 89.5
ARB - - 3.7 6.5 - - 6.2 6.6
ACEI/ARB - - 96.3 96.7 - - 95.7 95.7
Beta-blocker 8.3 10.9 NA NA NA NA NA NA
MRA NA NA 4.8 3.1 12.2 10.8 - -
Pacemaker - - 8.8 7.7 - - - -
CRT-P - - - - - - - -
Treatment arm 42.7* 50.3 44.6* 50.7 36.6** 50.8 37.4%xx 50.6
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Val-HeFT SCD-HeFT CHARM-Alternative
SD Others SD Others SD Others
(N=442) (N=4568) (N=168) (N=1524) (N=186) (N=1774)
Age -years 63.3+10.8 62.6+11.1 59.0411.3 58.8412.0 67.6+10.9 66.0+10.8
Male (%) 86.7*** 79.3 83.3* 75.7 74.2% 66.9
LVEF-% 24,847 .2%** 26.947.1 23.0#6.5 24.046.9 28.447.7* 30.147.3
NYHA class (%) ** * *
| 0 0.1 0 0 0 0
1] 55.4 62.4 63.7 714 38.2 49.0
11 41.0 35.7 36.3 28.6 56.5 47.6
\% 3.6 1.8 0 0 5.4 3.3
Ischaemic aetiology (%) 64.0** 56.5 64.3*** 50.6 77.4% 66.7
Race (%)
White 89.6 90.4 76.8 76.3 86.6 88.6
Black 7.2 6.8 17.3 16.1 2.2 3.8
Asian - - 1.2 1.2 9.1 6.3
Other 3.2 2.8 4.8 6.4 2.2 1.2
BP -mmHg
Systolic 123.2+18.6 123.8+18.5 118.5+19.6 120.1+£19.4 128.5+18.9 130.6+18.7
Diastolic 74.5+10.1* 75.6+10.6 69.7+11.2 71.4#11.3 76.0+11.2 76.9+10.6
Heart rate -beats/min 74.7+13.4* 73.3#12.5 74.9+13.8 74.6+14.0 75.3+13.7 74.443.7
BMI 26.944.6 27.04.5 - - 26.745.0* 27.5#4.8
Medical history (%)
Current smoking - - 13.1 15.9 15.6 13.5
HF hospitalisation - - 73.7 67.6
Angina 22.4 21.1 38.7* 29.6 57.5 58.1
Myocardial infarction 52.9** 46.3 60.1%** 42.6 69.4* 60.1
PCI - - 22.6 20.9 14.5 15.8
CABG 25.3 23.0 30.4 26.4 24.2 24.6
Hypertension 43.9 40.6 60.7 55.4 50.5 49.8
Diabetes 27.8 25.2 39.3* 294 33.9* 26.3
Atrial fibrillation 14.5 11.9 16.1 14.6 31.7* 24.6
Stroke 6.8 6.9 8.3 7.1 7.5 8.5
Laboratory tests
eGFR - 61.0+16.0 61.4+15.6 69.9+21.9 71.0+22.2 59.1+20.8**c  69.4427.0d
ml/min/1.73m?
eGFR <60 46.9 46.8 31.0 324 58.5**c 39.8d
ml/min/1.73m? (%)
Creatinine -mg/d| 1.3140.31* 1.2840.31 1.2340.38 1.2140.77 1.3440.36*c 1.2040.45d
NT-proBNP -pg/ml 1335***a 867b - - - -
[571-3034] [363-1909]
Treatment (%)
Digitalis 73.8** 66.7 78.0* 70.3 57.5x** 44.1
Diuretics 90.7*** 85.0 92.3** 82.5 91.9** 84.6
ACEI 93.4 92.6 85.1 85.7 0 0.2
ARB NA NA 17.9 14.4 NA NA
ACEI/ARB 96.4 96.4 98.8 97.3 NA NA
Beta-blocker 31.0 35.3 72.0 68.3 50.5 54.6
MRA - - 17.9 19.5 29.0 22.9
Pacemaker - - - - 9.7 7.8
CRT-P - - - - - -
Treatment arm 52.0 49.9 45.2 50.5 40.9* 50.6
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CHARM-Added CORONA GISSI-HF
SD Others SD Others SD Others
(N=311) (N=2137) (N=631) (N=4244) (N=367) (N=3453)
Age -years 65.8410.4***  63.3+11.1 73.747.6%** 72.647.0 70.249.2%** 66.9+10.9
Male (%) 81.0 78.1 82.6%** 75.1 80.4 78.9
LVEF-% 26.617.3*** 28.3#7.5 29.346.7*** 31.246.4 30.516.1*** 31.746.2
NYHA class (%) ks i kX3
| 0 0 0 0 0 0
1] 18.3 25.0 33.6 37.6 52.9 64.2
11 77.8 72.2 63.7 61.1 43.3 33.9
\% 3.9 2.8 2.7 1.3 3.8 2.0
Ischaemic aetiology (%) 67.2 61.8 100 100 50.4*** 39.0
Race (%)
White 90.7 90.5 98.1 98.7 - -
Black 3.2 5.2 0 0.3 - -
Asian 4.8 35 1.1 0.7 - -
Other 1.3 0.8 0.8 0.4 - -
BP -mmHg
Systolic 123.7#17.1 125.9+18.8 127.1#17.5** 129.8+16.3 126.9+18.8 126.5+18.0
Diastolic 74.4410.7 75.4410.7 74.649.1%+* 76.538.8 77.019.6 77.1+9.8
Heart rate -beats/min 74.0+13.2 73.6413.1 72.5+11.1 71.741.2 73.7812.7 73.1413.7
BMI 27.5345.2 27.945.3 26.54 5*+* 27.3#4.6 26.84.4 27.14.5
Medical history (%)
Current smoking 17.7 17.0 7.8 8.8 11.7 15.3
HF hospitalisation 77.2 76.9 - - 47.4 44.1
Angina 53.7 52.4 71.6 72.8 14.7* 11.0
Myocardial infarction 59.2 54.7 65.5%** 58.5 39.2** 32.2
PCI 10.0* 14.9 9.7 11.5 6.5 8.2
CABG 24.1 24.1 15.7 16.6 14.7 13.8
Hypertension 48.2 48.1 61.2 64.3 52.9 52.7
Diabetes 36.0* 29.3 325 29.1 29.2 255
Atrial fibrillation 24.8 26.7 44.1 40.4 23.2* 18.3
Stroke 9.3 8.2 13.5 12.3 5.7 4.4
Laboratory tests
eGFR - 71.4429.9e 73.5126.5f 55.1#15.0***  58.2+15.1 64.3121.2***  70.5121.8
ml/min/1.73m?
eGFR <60 38.8e 31.6f 64.1%** 55.6 43.6%** 329
ml/min/1.73m? (%)
Creatinine -mg/d| 1.2040.41e 1.1540.40f 1.3840.34***  1.2940.31 1.2440.40**  1.1440.33
NT-proBNP -pg/ml - - 2894*+*g 1352h 1659***i 840j

[1263-5326]  [562-2803] [829-3092] [353-1767]
Treatment (%)

Digitalis 62.4 57.3 37.1* 325 51.5%%* 38.8
Diuretics 93.9* 89.5 92.1** 87.6 88.0%** 80.8
ACEI 100 99.9 80.8 80.1 77.1 78.2
ARB NA NA = - 17.7 18.2
ACEI/ARB NA NA 90.8 91.9 92.4 93.9
Beta-blocker 50.5 55.3 73.1 75.2 58.9 63.8
MRA 18.0 16.6 43.9%* 38.2 39.0 39.9
Pacemaker 8.4 7.9 10.0 10.7 14.7%* 9.9
CRT-P - - = - = -

Treatment arm 47.3 50.6 49.4 50.2 53.1 49.6
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EMPHASIS-HF PARADIGM-HF ATMOSPHERE
SD Others SD Others SD Others
(N=125) (N=2191) (N=525) (N=6631) (N=607) (N=5361)
Age -years 69.918.4 68.617.6 63.0+12.2 63.7411.6 63.2412.5 63.1+12.1
Male (%) 80.8 75.9 82.9%** 76.3 84.0%** 75.6
LVEF-% 25.815.0 26.444.4 29.146.5** 29.946.1 28.115.5** 28.845.5
NYHA class (%) iz x5
| 0 0 4.0 4.9 0 0
1] 100 100 63.0 70.3 50.6 62.6
11 0 0 31.8 24.0 45.5 35.4
\% 0 0 11 0.7 4.0 2.0
Ischaemic aetiology (%) 78.2* 67.5 65.1** 58.2 57.5 53.8
Race (%) * *kk *k
White 73.6 81.6 54.1 63.3 55.8 62.4
Black 2.4 2.2 6.1 4.7 1.7 1.6
Asian 21.6 12.8 29.0 20.0 35.6 28.2
Other 2.4 3.4 10.9 12.0 7.0 7.8
BP -mmHg
Systolic 123.3#16.4 125.1+16.8 120.8+#15.7 122.1#15.3 121.3#16.9***  124.7+18.3
Diastolic 74.849.0 75.3+10.3 73.9+10.5 74.2+10.0 76.9+10.8 77.7+11.0
Heart rate -beats/min 74.0+11.9 72.2812.7 73.6411.7 72.9412.2 73.1812.8 72.3812.7
BMI 26.745.3 27.5#4.9 27.245.7** 28.015.5 26.245.2%+* 27.315.3
Medical history (%)
Current smoking 11.2 10.6 13.7 14.1 11.9 12.5
HF hospitalisation 55.6 50.9 65.0 62.1 59.0 58.4
Angina 45.2 43.4 30.5 26.9 24.7 23.6
Myocardial infarction 56.5 47.8 48.2%** 40.2 38.4 37.2
PCI 17.7 18.6 13.1** 18.5 13.5* 16.7
CABG 15.3 15.6 12.0 13.3 11.4 11.7
Hypertension 68.8 67.1 69.7 714 59.1 62.8
Diabetes 36.8 313 35.4 335 22.7** 27.8
Atrial fibrillation 35.5 30.4 32.8 36.9 31.6 33.8
Stroke 16.3** 9.0 9.0 8.3 8.7 6.8
Laboratory tests
eGFR - 69.6121.3 71.5121.8 68.6+19.8 68.8+20.3 75.4+22.1 75.0124.9
ml/min/1.73m?
eGFR <60 34.4 32.0 34.7 34.4 24.9 24.6
ml/min/1.73m? (%)
Creatinine -mg/d| 1.1840.31 1.1440.30 1.1340.29 1.1040.29 1.0340.27 1.0240.27
NT-proBNP -pg/ml - - 244 4% 1580 1801***k 1142m
[1256-5198]  [870-3133] [903-3183] [607-2149]
Treatment (%)
Digitalis 41.1* 275 35.4* 30.9 42.0%** 314
Diuretics 90.3 86.1 81.7 79.6 84.2%** 78.4
ACEI 82.3 78.2 79.2 77.1 67.9 66.8
ARB 13.7 19.3 21.0 23.2 1.6 14
ACEI/ARB 94.4 94.4 100 100 68.5 67.2
Beta-blocker 80.6 86.3 89.9* 92.6 89.5 91.0
MRA NA NA 55.8 55.4 37.2 35.1
Pacemaker 2.4* 8.7 5.3 7.3 4.0 4.2
CRT-P 0.8 24 1.0 2.0 1.3 1.8
Treatment arm 44.8 50.6 45.3 50.2 67.2 66.6

*P<0.05, **p<0.01, *** p<0.001

The letters denote the number of patients available: a=352 (80%), b=3715(81%), c=53(28%),
d=567(32%), e=103(33%), f=769(36%), g=422(67%), h=3133(74%), i=49 (13%), j=521 (15%), k
=573 (94%), m=4835 (90%).

SD denotes sudden death.
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323Baseline characteristics of pati

The characteristics of patients with and without pump failure death in each trial
are outlined in Table 3-3. In general, patients having a pump failure death
tended to be older, have more severe HF symptoms, lower LVEF and blood
pressure. They were more likely to have previous hospital admission for
worsening HF, a history of diabetes, atrial fibrillation or renal dysfunction.

Similar to patients dying suddenly, patients having a pump failure death were
less likely to be treated with a beta-blocker, but were more likely to receive a
diuretic, digitalis or MRA a nd have a pacemaker or CRFP implantation. Likewise,
NT-proBNP levels were substantially higher in patients with a pump failure death

than in those without .
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RALES BEST CIBIS-II MERIT-HF
PFD Others PFD Others PFD Others PFD Others
(N=316) (N=1347) (N=336) (N=2281) (N=83) (N=2564) (N=88) (N=3903)
Age -years 67.3£11.9*** 64.7+11.8 63.7#11.8*** 59.6+12.4 64.0£11.7** 60.8+10.5 68.0£7.0*** 63.249.7
Male (%) 72.8 73.3 83.3* 77.1 92.8** 80.1 83.0 77.4
LVEF-% 24.146.9%** 25.746.6 20.617.4%** 23.447.2 25.4465.8** 27.545.9 24 436 9*** 27.846.9
NYHA CIaSS (%) *kk *kk *kk *k%k
| 0 0.1 0 0 0 0 0 0
1 0 0.4 0 0 0 0 13.6 41.6
11l 53.2 74.6 83.3 92.9 65.1 83.8 69.3 55.1
\Y 46.8 249 16.7 7.1 34.9 16.2 17.0 3.3
Ischaemic 54.7 54.6 70.5 56.2 51.8 49.7 73.9 65.1
aetiology (%)
Race (%)
White 87.0 86.5 72.6 69.0 100 98.9 96.6 94.1
Black 8.2 7.0 22.3 23.7 0 0.3 23 5.3
Asian 0.6 2.2 4.8 5.6 0 0.6 11 0.4
Other 4.1 4.3 0.3 1.8 0 0.2 0 0.3
BP -mmHg
Systolic 113.8#17.0%** 124.2420.2 111.0+16.9** 118.3#18.0 119.8+#15.9*** 130.0+19.4 118.5#13.3*** 130.0+17.1
Diastolic 70.8410.8*** 755#11.6 67.6¥10.2*** 71.6+11.3 74.538.5%** 79.8411.1 73.248.4*** 78.449.2
Heart rate - 81.8+14.1 80.6+14.2 82.1#13.5 81.7#13.2 82.1#17.0 80.4#14.9 85.5#11.3**  82.5#10.2
beats/min
BMI - - 26.745.4**  28.216.0 26.3#4.2 26.9+4.1 24.943. 7%  27.3#4.7
Medical history (%)
Current smoking - - 14.9 18.2 18.1 16.6 11.4 14.6
HF hospitalisation - - - - - - - -
Angina 6.0 6.8 57.1* 50.9 - - - -
Myocardial 28.2 28.4 51.8*** 40.3 57.8 54.9 56.8 48.0
infarction
PCI - - 15.2 5.2 7.2 4.3 - -
CABG - - 34.8** 27.4 - - 25.0 20.8
Hypertension 13.9%** 25.8 61.3 58.8 32.5* 43.8 40.9 43.8
Diabetes 21.5 22.3 45.2%** 34.8 18.1 115 38.6** 24.3
Atrial fibrillation - - 33.0%** 22.6 - - 18.2 16.6
Stroke - - - - 10.89 7.31 8.0 7.9
Laboratory tests
eGFR - 59.821.3***  66.1+23.2 59.1+£27.8*** 71.7423.8 61.4432.2*** 78.0#31.1 55.3+17.4** 66.9+19.5
ml/min/1.73m?
eGFR <60 59.7%** 45.0 59.6%** 32.3 56.6*** 30.8 59.3*** 36.3
ml/min/1.73m?
(%)
Creatinine -mg/dl  1.3240.37** 1.2240.36 1.4740.49*** 1.2140.38 1.48#0.49** 1.1740.32 1.480.77** 1.2040.36
NT-proBNP - - - - - - - - -
pg/ml
Treatment (%)
Digitalis 81.0%** 71.3 95.2* 91.7 62.7* 51.3 77.3** 63.3
Diuretics - - 98.2%*x 92.7 - - 96.6* 90.2
ACEI 93.0 93.2 89.9 91.7 91.6 94.8 89.8 89.5
ARB - - 4.2 6.5 - - 3.4 6.6
ACEI/ARB - - 93.8** 97.1 - - 93.2 95.7
Beta-blocker 5.1%** 115 NA NA 43.4 50.4 NA NA
MRA NA NA 4.5 3.2 20.5** 10.6 - -
Pacemaker - - 10.4 7.5 - - - -
CRT-P - - - - - - - -
Treatment arm 40.2%+* 51.6 49.4 50.1 43.4 50.4 34.1** 50.2
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Val-HeFT SCD-HeFT CHARM-Alternative
PFD Others PFD Others PFD Others
(N=321) (N=4689) (N=125) (N=1567) (N=151) (N=1809)
Age -years 67.5410.7***  62.4+11.0 64.8410.4***  58.4+11.9 70.6410.1***  65.7+10.8
Male (%) 80.4 80.0 83.2 75.9 66.2 67.7
LVEF-% 24 .516.9%** 26.947.1 22.246.0** 24.147.0 27.247.3%** 30.247.3
NYHA class (%) iz x5 kX3
| 0 0.1 0 0 0 0
1] 34.6 63.6 44.8 72.7 26.5 49.8
11 59.5 34.6 55.2 27.3 61.6 47.4
\% 5.9 17 0 0 11.9 2.8
Ischaemic aetiology (%) 65.4** 56.6 68.0%** 50.7 69.5 67.6
Race (%)
White 92.5 90.2 78.4 76.2 88.1 88.4
Black 4.7 7.0 14.4 16.3 3.3 3.7
Asian - - 1.6 1.2 6.6 6.6
Other 2.8 2.8 5.6 6.3 2.0 1.3
BP -mmHg
Systolic 117.2417.9*** 124.2+18.5 114.5+#18.8** 120.4#19.4 124.1#18.1*** 130.9418.7
Diastolic 71.3+10.2***  75.8+10.6 65.8+10.7***  71.7+11.3 72.6+10.7***  77.2+10.6
Heart rate -beats/min 75.1+12.1* 73.3+12.6 76.5+14.5 74.4+13.9 78.0+12.2** 74.2413.8
BMI 25.9:44 4%** 27.0#4.5 - - 26.515.5* 27.5#4.8
Medical history (%)
Current smoking - - 9.6 16.1 11.9 13.9
HF hospitalisation - - - - 90.7*** 66.3
Angina 28.3** 20.7 32.0 304 56.3 58.2
Myocardial infarction 50.8 46.6 55.2* 43.5 66.2 60.6
PCI - - 22.4 21.0 10.6 16.1
CABG 29.6** 22.8 39.2** 25.8 21.2 24.8
Hypertension 43.9 40.7 68.8** 54.9 47.7 50.0
Diabetes 30.5* 25.1 46.4%** 29.1 43.7*** 25.6
Atrial fibrillation 14.6 11.9 25.6*** 13.8 35.1** 24.4
Stroke 10.3* 6.6 7.2 7.2 10.6 8.2
Laboratory tests
eGFR - ml/min/1.73m?  51.0#15.7**  62.1#15.3 59.1+17.8***  71.8422.3 51.5429.4***c  69.6126.1d
eGFR <60 76.6%** 44.8 52.0%** 30.7 74.4%%%¢c 39.2d
ml/min/1.73m? (%)
Creatinine -mg/d| 1.5140.38**  1.2740.30 1.3940.46** 1.1940.75 1.6340.58***c  1.1840.42d
NT-proBNP -pg/ml 2375a 843b - - - -
[1040-4366]  [356-1849]
Treatment (%)
Digitalis 77.9%%* 66.6 82.4** 70.2 57.0** 44.4
Diuretics 96*** 84.8 95.2%xx 825 98.7*** 84.2
ACEI 90.3 92.9 86.4 85.6 0 0
ARB NA NA 13.6 14.9 NA NA
ACEI/ARB 93.8** 96.6 98.4 97.4 NA NA
Beta-blocker 20.2%** 35.9 59.2* 69.4 37.1%x 55.6
MRA - - 25.6 18.8 39.7xx* 22.1
Pacemaker - - - - 12.6* 7.6
CRT-P - - - - - -
Treatment arm 46.7 50.4 50.4 49.9 44.4 50.1
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CHARM-Added CORONA GISSI-HF
PFD Others PFD Others PFD Others
(N=200) (N=2248) (N=372) (N=4503) (N=321) (N=3499)
Age -years 68.6+11.0**  63.2+10.9 75.347.2%%* 72.547.1 71.948.6%** 66.8+10.9
Male (%) 80.5 78.2 76.3 76.0 81.6 78.8
LVEF-% 25.347.3%** 28.447.4 29.046.9*** 31.1#6.4 29.246.9*** 31.846.1
NYHA class (%) x5 iz x5
| 0 0 0 0 0 0
1] 15.0 25.0 26.3 38.0 41.4 65.1
11 75.0 72.7 70.4 60.7 52.0 33.2
\% 10.0 2.3 3.2 1.3 6.5 1.7
Ischaemic aetiology (%) 66.0 62.2 100 100 49, 2%x* 39.3
Race (%)
White 92.0 90.3 98.4 98.6 - -
Black 3.0 5.2 0 0.3 - -
Asian 4.5 3.6 11 0.7 - -
Other 0.5 0.9 0.5 0.4 - -
BP -mmHg
Systolic 121.0+18.0*** 126.0+18.6 123.4+16.3*** 130.0+16.4 120.9#17.1** 127.0+18.0
Diastolic 72.7#10.7***  75.5+10.7 73.218.5%** 76.518.9 74.049.4%+* 77.419.8
Heart rate -beats/min 76.0+12.5** 73.4+13.2 74.8¥11.7%**  71.5+11.1 75.0#13.1* 73.0413.7
BMI 26.345.0%** 27.945.3 26.144.4%* 27.3#4.6 25.7+44 4%+ 27.1#4.5
Medical history (%)
Current smoking 14.5 17.3 4.8** 9.0 9.3** 15.4
HF hospitalisation 85.5%* 76.2 - - 61.1*** 42.9
Angina 53.5 52.5 73.1 72.6 13.1 11.2
Myocardial infarction ~ 58.5 54.9 61.6 59.2 42 .4%** 32.0
PCI 7.5%* 14.9 8.6 11.5 7.8 8.1
CABG 25.5 23.9 14.0 16.7 20.6*** 13.3
Hypertension 44.5 48.4 59.7 64.3 46.7* 53.3
Diabetes 35.5 29.7 37.6*** 28.8 34.9*** 25.0
Atrial fibrillation 37.5%** 255 48.9** 40.2 26.8*** 18.1
Stroke 9.5 8.3 15.1 12.3 7.2* 43
Laboratory tests
eGFR - ml/min/1.73m? 55.4+18.9%**e 74.9+27.0f 51.1#15.0**  58.4+15.0 59.7+22.1***  70.8421.6
eGFR <60 62.5***e 29.8f 74.3*%* 55.6 57.4%xx 31.8
ml/min/1.73m? (%)
Creatinine -mg/d| 1.4340.43***e  1.1440.39f 1.4540.37**  1.2940.31 1.3440.44*=*  1.1340.32
NT-proBNP -pg/ml - - 34049 1373h 2035i 819j
[1722-6753]  [579-2894] [1170-4236] [347-1702]
Treatment (%)
Digitalis 72.5%x% 56.6 47.0%** 32.0 59.2%xx 38.3
Diuretics 99.0%** 89.2 97.8*** 87.4 94.7*xx 80.3
ACEI 100 99.9 73.1%x* 80.8 74.8 78.4
ARB NA NA - - 19.9 17.9
ACEI/ARB NA NA 87.1x** 92.2 91.9 93.9
Beta-blocker 37.0%* 56.2 64.8*** 75.8 49.2%** 64.6
MRA 24 5% 16.1 51.3%** 37.9 53.0%** 38.6
Pacemaker 16.5%** 7.2 14.8** 10.3 19.9%** 9.5
CRT-P - - - - - -
Treatment arm 44.0 50.8 49.7 50.1 47.0 50.2
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EMPHASIS-HF PARADIGM-HF ATMOSPHERE
PFD Others PFD Others PFD Others
(N=94) (N=2222) (N=261) (N=6895) (N=305) (N=5663)
Age -years 71.6£7.9%** 68.547.6 65.3+13.0* 63.6411.6 65.4+13.4%** 63.0+12.0
Male (%) 80.9 75.9 80.1 76.6 82.3* 76.2
LVEF-% 24,944 5** 26.444.4 28.246.6*** 29.946.1 27.045.8*** 28.9145.5
NYHA class (%) **
| 0 0 1.9 5.0 0 0
1] 100 100 63.6 70.0 55.1 61.8
11 0 0 33.7 24.2 41.6 36.1
\% 0 0 0.8 0.8 3.3 21
Ischaemic aetiology (%) 74.2 67.8 49.0** 590.1 45.9%* 54.6
Race (%) *kk
White 71.3 81.6 57.9 62.8 63.8 61.6
Black 4.3 2.2 3.8 4.8 4.9 1.4
Asian 18.1 13.1 21.5 20.7 23.7 29.2
Other 6.4 3.2 16.9 11.7 7.6 7.8
BP -mmHg
Systolic 117.6+16.3*** 125.3+16.7 118.0+14.8*** 122.1+15.4 118.8418.3***  124.7+18.2
Diastolic 72.0+11.7** 75.4+10.1 71.519.9%** 74.3+10.0 73.8+10.8*** 77.8+11.0
Heart rate -beats/min 75.3+13.9* 72.1+12.6 74.8+12.9* 72.9#12.1 73.5#13.7 72.3412.6
BMI 25.244 2%** 27.64#4.9 27.145.4** 28.045.5 26.615.4 27.215.3
Medical history (%)
Current smoking 11.7 10.6 9.6* 14.3 11.5 12.5
HF hospitalisation 74.5%** 50.2 69.0* 62.1 71.8*** 57.8
Angina 39.4 43.7 19.5%* 27.5 20.3 23.9
Myocardial infarction 63.8** 47.6 38.7 40.9 334 37.5
PCI 14.9 18.8 13.4* 18.3 12.8 16.5
CABG 16.0 15.6 12.3 13.2 11.5 11.7
Hypertension 62.8 67.4 63.6** 71.6 57.7 62.7
Diabetes 44.7** 311 39.5* 334 22.3* 27.6
Atrial fibrillation 36.2 304 41.8 36.4 41.6** 331
Stroke 11.7 9.3 12.3* 8.2 8.9 6.9
Laboratory tests
eGFR - ml/min/1.73m? 61.2420.1**  71.8421.7 63.4424.9***  69.0+20.0 70.6426.1** 75.3224.5
eGFR <60 52.1*x* 31.3 49.0*** 33.9 37.0%** 23.9
ml/min/1.73m? (%)
Creatinine -mg/d| 1.2640.32***  1.1340.30 1.2240.35***  1.1040.29 1.1140.32%** 1.0240.26
NT-proBNP -pg/ml - - 3645** 1591 2236***k 1168m
[1795-6704]  [877-3157] [1081-4241] [616-2174]
Treatment (%)
Digitalis 44, 1%** 27.5 41.0%** 30.8 45.9%** 31.8
Diuretics 95.7** 86.0 88.5%** 79.4 85.9%* 78.6
ACEI 72.0 78.7 72.4 77.4 63.0 67.1
ARB 20.4 19.0 28.0 22.8 1.0 1.4
ACEI/ARB 92.5 94.5 100 100 63.0 67.6
Beta-blocker 79.6 86.3 88.9* 92.5 89.5 90.9
MRA 43.6 50.6 59.4 55.3 42.0* 35.0
Pacemaker 14.9* 8.1 14.6%** 6.9 6.9* 4.0
CRT-P 5.3* 2.1 5.0%** 1.8 4.3%x* 1.7
Treatment arm 43.6 50.6 44.8 50.0 71.5 66.4

*P<0.05, **p<0.01, *** p<0.001.

a=258 (80%), b=3809 (81%), c=39(26%), d=581(32%), e=72(36%), f=800 (36%), g=256 (69%),
h=3299 (73%), i=47 (15%), j=523 (15%), k=292 (96%), m=5116 (90%).

PFD denotes pump failure death.
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324Sudden death rates 1 n each tri al
tri al

Compared to the earlier trials, the rate of sudden death was lower in the more
recent trials which had a higher adoption of disease -modifying therapies, except
for CORONA which enrolled patients aged 060
only (Figure 3-2 and Table 3-4). The annual rate of sudden death declined from
6.5% in the oldest RALES to 3.3% in the latest ATMOSPHERE, although CORONA
lay above the trend with a rate of 5.2%, p for trend=0.001 (Table 3 -4 and Figure
3-3). There was a similar pattern in th e rates of death from any cause across the
trials, suggesting that the higher sudden death rate in CORONA was likely to be
due to the underlying risk of patients in the trial itself (Figure 3  -4).
Unsurprisingly, the proportion of sudden death relative to t otal mortality did not
fall across trials, given that the downward trend in sudden death rates was in

line with the falling overall mortality rates (Figure 3  -5).

Figure 3-2 Cumulative incidence curves for sudden death by trials in HF-REF
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Table 3-4 Annual rates and cumulative incidences of sudden death at different time points in
the included trials in HF-REF (treatment arms combined)

RALES BEST CiBIS-II MERIT-HF  Val-HeFT
(N=1663) (N=2617) (N=2647) (N=3991) (N=5010)
No. of sudden death 192 294 131 211 442
Annual rate (95% CI) 6.5 (5.6-7.4) 5.6 (5.0-6.3) 3.8(3.2-45) 5.3(4.6-6.1) 4.7 (4.3-5.2)
Cumulative incidence
(95% CI)
30 days 1.0 (0.5-1.5) 0.5 (0.2-0.8) 0.4 (0.1-0.6) 0.3(0.1-0.5) 0.6(0.4-0.8)
60 days 1.5(0.9-2.0) 1.1 (0.7-1.6) 0.9(0.6-1.3) 0.7 (0.4-0.9) 1.0(0.7-1.3)
90 days 2.4 (1.6-3.1) 1.8 (1.3-2.3) 1.3(0.9-1.7) 1.3(0.9-1.6) 1.3(1.0-1.7)
180 days 4.2 (3.2-5.2) 3.1(2.4-3.7) 20(1.5-25) 25(2.0-3.00 26(2.2-3.1)
1 year 6.7 (5.5-7.9) 5.8 (4.9-6.7) 3.8(3.0-45) 5.0(4.3-5.7) 45(3.9-5.1)
2 years 10.9 (9.3-12.4) 9.7 (8.5-10.9) 6.8(5.4-8.2) - 8.4 (7.5-9.2)
3 years 13.4 (11.4-15.4) 13.5(12.0-15.1) - - 12.2 (10.6-13.9)
SCD-HeFT CHARM-Alternative =~ CHARM-Added CORONA
(N=1692) (N=1960) (N=2448) (N=4875)
No. of sudden death 168 186 311 631
Annual rate (95% CI) 3.0 (2.6-3.5) 3.7 (3.2-4.2) 4.3 (3.8-4.8) 5.2 (4.8-5.6)
Cumulative incidence
(95% CI)
30 days 0.5 (0.2-0.9) 0.6 (0.2-0.9) 0.6 (0.3-0.9) 0.5 (0.3-0.7)
60 days 0.9 (0.4-1.3) 1.1 (0.6-1.5) 1.0 (0.6-1.4) 0.9 (0.6-1.1)
90 days 1.4 (0.9-2.0) 1.6 (1.1-2.2) 1.5(1.0-1.9) 1.3 (1.0-1.7)
180 days 2.5(1.7-3.2) 2.5(1.8-3.2) 2.5(1.9-3.2) 2.6 (2.2-3.1)
1 year 3.7 (2.8-4.6) 4.2 (3.3-5.1) 4.5 (3.7-5.3) 5.0 (4.4-5.6)
2 years 6.4 (5.2-7.5) 6.7 (5.6-7.8) 8.2 (7.1-9.3) 9.1 (8.3-9.9)
3 years 8.7 (7.4-10.1) 9.5 (8.1-10.8) 11.2 (9.9-12.4) 13.2 (12.2-14.2)
GISSI-HF EMPHASIS-HF PARADIGM-HF ATMOSPHERE
(N=3820) (N=2316) (N=7156) (N=5968)
No. of sudden death 367 125 525 607
Annual rate (95% CI)  2.7(2.5-3.0) 2.9 (2.4-3.4) 3.3(3.1-3.6) 3.3(3.1-3.6)
Cumulative incidence
(95% CI)
30 days 0.3 (0.2-0.5) 0.3 (0.1-0.5) 0.4 (0.3-0.6) 0.3 (0.2-0.5)
60 days 0.6 (0.3-0.8) 0.7 (0.3-1.0) 0.7 (0.5-0.9) 0.6 (0.4-0.8)
90 days 1.0 (0.7-1.3) 1.0 (0.6-1.5) 1.0 (0.8-1.3) 1.0 (0.7-1.2)
180 days 1.5(1.2-1.9) 2.1 (1.5-2.7) 2.0 (1.7-2.3) 1.9 (1.6-2.3)
1 year 3.2 (2.6-3.8) 3.0 (2.3-3.7) 3.7 (3.3-4.2) 3.9 (3.4-4.4)
2 years 5.6 (4.9-6.4) 5.3 (4.3-6.4) 6.5 (5.9-7.1) 6.7 (6.0-7.3)
3 years 7.6 (6.7-8.4) 7.4 (6.0-8.7) 8.8 (8.0-9.5) 9.3 (8.5-10.0)

Annual rates are shown as sudden death per 100 patient-years. Cumulative incidences are

presented as percent. 6ddenotes data not available.
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Figure 3-3 Trends in the sudden death rate across trial arms over time in HF-REF
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Annual rates are shown as sudden death per 100 patient-years. The black dotted line is based on
the multiple linear regression of the annual rate in each trial arm with the randomisation year
and randomisation arm as covariates, weighted by its inverse-variance and with trial as a
random effect. P for slope represents the p value for randomisation year based on the linear
model. Each circle represents each trial arm as labelled, with the control arm in each trial
illustrated in gray and the experimental arm in white. The centre of each circle corresponds to
randomisation year (x axis) and the annual rate (y axis) in each arm, the error bars in each
circle correspond to the 95% confidence interval of the annual rate. The area of each circle
represents the sample size in each arm (reference size shown in the upper right corner). C
denotes control arm; T, experimental treatment arm; P, placebo arm; A, amiodarone arm.
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Figure 3-4 Trends in the all-cause death rate across trial arms over time in HF-REF
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Annual rates are shown as all-cause death per 100 patient-years. Other notes and abbreviations
are same as those in Figure 3-3.

Figure 3-5 Proportions of sudden death and pump failure death relative to overall mortality
across the trials in HF-REF
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The rate of sudden death was lower in the experimental therapy group in  all
trials, with the exception s of Val-HeFT and GISSHF, where the opposite, albeit
to a minimal extent, was true (Figure 3-3). Adjusting for randomisation
treatment , with trial as a random effect, there was a 41%decline in the risk of
sudden death over the past 20 years (HR 059, 95% CI 037-0.92, p=0.021). The
fall in risk over time was attenuated when additionally adjusting for
conventional confounding variables, but randomisation treatment remained
significantly associated with a lower risk of sudden death (HR 0.87, 95% CI 0.82
0.93, p <0.001). When examining the risk of sudden death by individual trial

arm, compared to the placebo arm of RALES, the risks of sudden death were 59%
and 54% lower in the treatment arm of PARADIGM-HF and in the combination
therapy arm of ATMOSPHERE, respectively (Figure 36). These differences were
attenuated somewhat but remained highly sign ificant after adjustment for
conventional confounding covariates (adjusted HR 0.65, 95% CI 0.51-0.83,
p<0.001; 0.70, 0.55-0.89, p=0.004, respectively [Figure 3 -7]). A similar result
was observed with further adjustment for eGFR (Figure 3 -8). In the subset of
patients with both eGFR and NT-proBNP available, compared with the placebo
arm of Val-HeFT, the risk of sudden death in the treatment arm of PARADIGM -HF
and in the combination therapy arm of ATMOSPHERE were slightly lower (16%
and 10% respectively) with adjustment for the conventional covariates but was
markedly lower (43% and 25% respectively) further adjusting for NT -proBNP
(Figure 3-9). Imputation of missing values made little change in these findings
(Figure 3-8 and Figure 3-9).
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Figure 3-6 Hazard ratio for sudden death across the trial arms in HF-REF with incremental
use of evidence-based medications

Trial arm Medication Annual rate HR (95%Cl) p value
RALES(C) ACEI(94%)+BB(10%) 7.6 (6.3-9.1) g reference -
RALES(T) ACEI(95%)+BB(11%)+MRA{100%) 5.4 (4.3-6.7) —_— 0.71(0.54,0.95) 0.020
BEST(C) ACEI/ARB(97%)+MRA(4%) 6.3 (5.4-7.3) —_— 0.84 (0.66,1.07) 0.150
BEST(T) ACEI/ARB(96%)+BB(100%)+MRA(3%) 4.9 (4.2-5.9) —— 0.66 (0.51,0.85) 0.001
CIBISHI(C) ACEI(96%)+MRA(10%) 4.8 (3.9-6.0) e 0.62 (0.47,0.83) 0.001
CIBIS-II(T) ACEI(96%)+BB(100%)+MRA(11%) 2.7 (2.0-3.6) —— 0.35(0.25,0.49) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 6.7 (5.6-7.9) —_— 0.83 (0.64,1.07) 0.147
MERIT-HF(T} ACEI/ARB(95%)+BB(100%)+MRA(7%) 3.9(3.2-4.9) —_— 0.49 (0.37,0.65)  <0.001
Val-HeFT(C) ACEI/ARB(93%)+BB(35%) +MRA(5%) 4.6(4.0-5.2) —— 0.60 (0.48,0.76)  <0.001
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 4.9 (4.3-5.6) —_— 0.65 (0.52,0.81) <0.001
SCD-HeFT(P) ACEI/ARB(98%)+BB(69%)+MRA(19%) 3.2(2.6-4.0) —_— 0.46(0.35,0.61) <0.001
SCD-HeFT(A) ACEI/ARB(97%)+BB(69%)+MRA(20%) 2.7 (2.2-3.4) —_— 0.39(0.29,0.52) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 4.4(3.6-5.3) —— 0.60(0.46,0.78) <0.001
CHARM-Alternative(T} ARB(100%)+BB{54%)+MRA(24%) 3.0(2.4-3.7) _— 0.40 (0.30,0.54)  <0.001
CHARM-Added(C) ACEI(100%)+BB(55%)+MRA(16%) 4.6 (4.0-5.4) e e 0.64 (0.50,0.81) <0.001
CHARM-Added(T) ACEI/ARB(100%)+BB(54%}+MRA(17%} 4.0(3.4-4.7) —_— 0.55(0.43,0.71)  <0.001
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 5.3 (4.7-5.9) —_— 0.71(0.57,0.89) 0.002
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1(4.6-5.7) —— 0.69 (0.56,0.86) 0.001
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-3.0) —_— 0.36 (0.29,0.46) <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.9(2.5-3.3) —_—— 0.41(0.33,0.52) <0.001
EMPHASIS-HF(C} ACEI/ARB(93%)+BB(86%) 3.3(2.6-4.1) —_ 0.43(0.32,0.59) <0.001
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%)+MRA(100%) 25(20-33) — 0.34(0.25,0.47) <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 3.7 (3.3-4.1) —_— 0.49 (0.40,0.61)  <0.001
PARADIGM~HF(T) ACEI/ARB(100%)+BB{93%)+MRA(54%)+LCZ696 3.0 (2.7-3.4) —_— 0.41(0.32,0.51) <0.001
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB{91%)+MRA(36%) 3.5(3.0-4.0) —_— 0.49(0.39,0.62) <0.001
ATMOSPHERE (Aliskiren) ~ ACEI/ARB(2%)+BB(90%}+MRA(35%)+Aliskiren 3.2 (2.8-3.7) —_— 0.46 (0.36,0.58)  <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB{91%)+MRA(35%)+Aliskiren 3.3 (2.8-3.7) —_— 0.46(0.37,0.59) <0.001
02 04 05 08 101214

Annual rates are shown as sudden death per 100 patient-years. Hazard ratios shown are
compared to the placebo arm of RALES (N=46,151). C denotes control arm; T, experimental
treatment arm; P, placebo arm; A, amiodarone arm.

Figure 3-7 Hazard ratio for sudden death across the trial arms in HF-REF with incremental
use of evidence-based medications, with adjustment for 8 conventional covariates

Trial arm Medication Annual rate HR (95% CI)  p value
RALES(C) ACEI(94%)+BB(10%) 7.6 (6.3-9.1) 1 reference -
RALES(T) ACEI(95%)+BB(11%)+MRA(100%) 5.4 (4.3-6.7) [ 0.72 (0.54,0.96) 0.023
BEST(C) ACEI/ARB(97%)+MRA(4%) 6.3 (5.4-7.3) —_— 0.80(0.62,1.02) 0.072
BEST(T) ACEI/ARB(96%)+BB(100%)+MRA(3%) 4.9 (4.2-5.9) _— 0.62 (0.48,0.81) <0.001
CIBIS-I(C) ACEI(96%)+MRA(10%) 4.8 (3.9-6.0) —_— 0.71(0.53,0.95) 0.020
cIBIS—I(T) ACEI(96%)+BB(100%)+MRA(11%) 2.7 (2.0-3.6) —_— 0.40 (0.28, 0.56)  <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 6.7 (5.6-7.9) —t+—— 1.06(0.82,1.37) 0.676
MERIT-HF(T) ACEI/ARB(95%)+BB(100%)+MRA(7%) 3.9 (3.2-4.9) —— 0.62 (0.46,0.83) 0.001
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 4.6 (4.0-5.2) N § 0.81(0.64,1.03) 0.088
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 4.9 (4.3-5.6) —_— 0.87 (0.68,1.09) 0.227
SCD-HeFT(P) ACEI/ARB(98%)+BB(69%)+MRA(19%) 3.2(2.6-4.0) —_— 0.60 (0.45, 0.80)  <0.001
SCD-HeFT(A) ACEI/ARB(97%)+BB(69%)+MRA(20%) 2.7 (2.2-3.4) — 0.52(0.39,0.71) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 4.4 (3.6-5.3) — 0.83 (0.64,1.09) 0.187
CHARM-Alternative(T) ARB(100%)+BB(54%)+MRA(24%) 3.0(2.4-3.7) [ 0.56 (0.42,0.76)  <0.001
CHARM-Added(C) ACEI(100%)+BB(55%)+MRA(16%) 4.6 (4.0-5.4) —_— 0.76 (0.59, 0.98) 0.031
CHARM-Added(T) ACEI/ARB(100%)+BB(54%}+MRA(17%) 4,0 (3.4-4.7) —_— 0.66 (0.51,0.85) 0.001
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 5.3 (4.7-5.9) — 0.87 (0.70,1.09) 0.239
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1 (4.6-5.7) —_— 0.85(0.68,1.07) 0.157
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-3.0) — 0.59 (0.46,0.75)  <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.9(2.5-3.3) —_— 0.67 (0.53,0.86) 0.001
EMPHASIS-HF(C) ACEI/ARB(93%)+BB(86%) 3.3(2.6-4.1) —_— 0.66 (0.48,0.91) 0.011
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%)+MRA(100%) 2.5(2.0-3.3) —_— 0.49 (0.35,0.69)  <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 3.7(3.3-4.1) D 0.79(0.62,0.99) 0.043
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LC2696 3.0 (2.7-3.4) ——— 0.65 (0.51,0.83) <0.001
ATMOSPHERE (Enarapril)  ACEI/ARB(100%)+BB(91%)+MRA(36%) 3.5 (3.0-4.0) —_— 0.73(0.57,0.93) 0.009
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 3.2 (2.8-3.7) — 0.70 (0.55,0.89) 0.003
ATMOSPHERE {Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 3.3 (2.8-3.7) E—— 0.70 (0.55,0.89)  0.004

T T

0.2

T T 1
06 08 1.0 1214

Annual rates are shown as sudden death per 100 patient-years. Hazard ratios are adjusted for
conventional covariates including age, sex, NYHA class, LVEF, ischaemic aetiology, previous
myocardial infarction, and a history of hypertension and diabetes (N= 46,019). Hazard ratios
shown are compared to the placebo arm of RALES. C denotes control arm; T, experimental
treatment arm; P, placebo arm; A, amiodarone arm.
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Figure 3-8 Hazard ratio for sudden death across the trial arms in HF-REF with incremental
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use of evidence-based medications, with adjustment for 8 conventional covariates and

eGFR
A
Trial arm Medication Annual rate HR (95% CI) p value
RALES(C) ACEI(94%)+BB{10%) 7.6 (6.3-9.1) t reference -
RALES(T) ACEI(95%)+BB(11%)+MRA({100%) 5.4 (4.3-6.7) —_— 0.72 (0.54,0.96) 0.024
BEST(C) ACEI/ARB{97%)+MRA(4%) 6.3 (5.4-7.3) JR—— 0.80 (0.62,1.02) 0.074
BEST(T) ACEI/ARB(96%)+BB(100%)+MRA(3%) 4.9 (4.2-5.9) —_— 0.62 (0.48,0.80) <0.001
CIBIS-I1(C) ACEI(96%)+MRA(10%) 4.8 (3.9-6.0) [ — 0.71(0.53,0.95) 0.020
CIBIS-II(T} ACEI(96%)+BB(100%)+MRA(11%) 2.7 (2.0-3.6) —_— 0.40 (0.28,0.56) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 6.7 (5.6-7.9) —+—— 1.07(0.82,1.39) 0.615
MERIT-HF(T) ACEI/ARB(95%)+BB(100%)+MRA(7%) 3.9 (3.2-4.9) —_— 0.63 (0.47,0.84) 0.002
Val-HeFTi(C) ACEI{ARB(93%)+BB(35%}+MRA(5%) 4.6 (4.0-5.2) — 1 0.82(0.64,1.04) 0.095
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 4.9 (4.3-5.6) —_— 0.87(0.69,1.10) 0.259
SCD-HeFT(P) ACEI/ARB(98%)+BB(69%)+MRA(19%) 3.2 (2.6-4.0) —_— 0.61(0.45,0.81) 0.001
SCD-HeFT(A) ACEI/ARB{97%)+BB(69%}+MRA(20%) 2.7 (2.2-3.4) [ — 0.52(0.38,0.70) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 4.4 (3.6-5.3) _— 0.75(0.50,1.11) 0.144
CHARM-Alternative(T) ARB(100%)+BB(54%)+MRA(24%) 3.0 (2.4-3.7) ———— 0.44(0.27,0.71) 0.001
CHARM-Added(C) ACEI(100%)+BB(55%)+MRA(16%) 4.6 (4.0-5.4) —— 0.61(0.43, 0.86) 0.005
CHARM-Added(T) ACEI/ARB{100%)+BB(54%)+MRA(17%) 4.0 (3.4-4.7) —_— 0.66 (0.48,0.92) 0.015
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 5.3 (4.7-5.9) —_— 0.89(0.71,1.11) 0.298
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1(4.6-5.7) —_— 0.86 (0.68,1.08) 0.193
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-3.0) B 0.60 (0.47,0.77)  <0.001
GISSI-HF(T) ACEI/ARB{94%)+BB(64%)+MRA(39%) 2.9(2.5-3.3) — 0.68 (0.53,0.87) 0.002
EMPHASIS-HF(C) ACEI/ARB(93%)+BB(86%) 3.3 (2.6-4.1) — 0.68(0.49,0.93) 0.016
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%}+MRA(100%) 2.5(2.0-3.3) _— 0.50 (0.36,0.71)  <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 3.7 (3.3-4.1) —_— 0.80 (0.63,1.01) 0.055
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LC2696 3.0 (2.7-3.4) R — 0.66 (0.52, 0.84) 0.001
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB(91%)+MRA(36%) 3.5 (3.0-4.0) —_— 0.74(0.58,0.94) 0.012
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 3.2 (2.8-3.7) —_— 0.70 (0.55, 0.90)  0.005
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 3.3 (2.8-3.7) —_— 0.70(0.55,0.90) 0.005
1 T 1 T T 1

B 0.2 0.4 06 0.8 101214
Trial arm Medication Annual rate HR (95% Cl)  pvalue
RALES(C) ACEI(94%)+BB(10%) 7.6 (6.3-9.1) 1 reference -
RALES(T) ACEI(95%)+BB(11%)+MRA(100%) 5.4 (4.3-6.7) —_— 0.72 (0.54,0.96) 0.026
BEST(C) ACEI/ARB(97%)+MRA(4%) 6.3 (5.4-7.3) —_— 0.81(0.63,1.04) 0.093
BEST(T) ACEI/ARB{96%)+BB(100%)+MRA(3%) 4.9 (4.2-5.9) —_— 0.63 (0.48,0.81) <0.001
CIBIS-II(C) ACEI(96%)+MRA(10%) 4.8 (3.9-6.0) —_— 0.74(0.56,0.99) 0.041
CIBIS-II(T} ACEI(96%)+BB(100%)+MRA(11%) 2.7 (2.0-3.6) _— 0.41(0.29, 0.58)  <0.001
MERIT-HF(C) ACEI/ARB{96%)+MRA(8%) 6.7 (5.6-7.9) —+—— 1.07(0.83,1.39) 0.607
MERIT-HF(T) ACEI/ARB{95%)+BB(100%)+MRA(7%) 3.9 (3.2-4.9) R — 0.63 (0.47, 0.84) 0.002
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 4.6 (4.0-5.2) —_— 0.80(0.63,1.01) 0.061
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 4.9 (4.3-5.6) D 0.85 (0.67,1.07) 0.173
SCD-HeFT(P) ACEI/ARB{98%)+BB(69%)+MRA(19%) 3.2 (2.6-4.0) —— 0.61(0.46,0.81) 0.001
SCD-HeFT(A) ACEI/ARB(97%)+BB(69%)+MRA(20%) 2.7 (2.2-3.4) —_— 0.52(0.39,0.71) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 4.4 (3.6-5.3) R 0.76(0.51,1.13) 0.178
CHARM-Alternative(T) ARB(100%)+BB(54%)+MRA(24%) 3.0 (2.4-3.7)  — 0.44(0.27,0.71)  0.001
CHARM-Added|(C) ACEI(100%)+BB(55%)+MRA(16%) 4.6 (4.0-5.4) PR 0.64(0.45,0.89)  0.009
CHARM-Added(T) ACEI/ARB(100%)+BB(54%)+MRA(17%) 4.0 (3.4-4.7) —_— 0.69(0.50,0.96) 0.028
CORONA(C) ACEI/ARB{92%)+BB(75%}+MRA(39%) 5.3 (4.7-5.9) —_— 0.88(0.70,1.11) 0.274
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1 (4.6-5.7) R 0.86 (0.68, 1.08) 0.181
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-3.0) —_— 0.61(0.48,0.79)  <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.9(2.5-3.3) —— 0.70(0.55,0.89) 0.004
EMPHASIS-HF(C) ACEI/ARB{93%)+BB(86%) 3.3 (2.6-4.1) _— 0.71(0.52,0.97) 0.032
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%)}+MRA(100%) 2.5(2.0-3.3) —_— 0.53(0.37,0.74) <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+ MRA(57%) 3.7 (3.3-4.1) —_— 0.80(0.64,1.02) 0.067
PARADIGM~HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 3.0 (2.7-3.4) [ — 0.67 (0.52, 0.85) 0.001
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB[91%)+MRA(36%) 3.5 (3.0-4.0) —_— 0.76 (0.60,0.97)  0.027
ATMOSPHERE (Aliskiren) ACEI/ARB{2%)+BB(90%)+MRA(35%)+Aliskiren 3.2 (2.8-3.7) —_— 0.73 (0.57,0.93) 0.012
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 3.3 (2.8-3.7) —_— 0.73(0.57,0.93) 0.011
IS u.‘z n.|4 u]s olla 1.0 1.'2 1.'4
Trial arm Medication Annual rate HR (95% Cl} p value
RALES(C) ACEI[94%)+BB(10%) 7.6(6.3-9.1) s reference -
RALES(T) ACEI(95%)+BB(11%)+MRA(100%} 5.4 (4.3-6.7) P, 0.72(0.54,0.96) 0.025
BEST(C) ACEI/ARB(97%)+MRA(4%) 6.3(5.4-7.3) —_— 0.81(0.63,1.03) 0.085
BEST(T) ACEI/ARB(96%)+BB{100%)+MRA(3%) 4.9 (4.2-5.9) [ 0.63 (0.49, 0.81) <0.001
CIBIS-1I{C) ACEI{96%)}+MRA{10%) 4.8 (3.9-6.0) —_— 0.74 (0.55,0.98) 0.038
CIBIS-II(T} ACEI(96%)+BB(100%)+MRA(11%) 2.7(2.0-3.6) [ 0.41(0.29, 0.58) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 6.7 (5.6-7.9) ——— 1.06(0.82,1.37) 0.670
MERIT-HF(T) ACEI/ARB(95%)+BB{100%)+MRA(7%) 3.9(3.2-4.9) [ 0.62 (0.46, 0.83)  0.001
Val-HeFT(C) ACEI/ARB(93%)+BB{35%)+MRA(5%) 4.6(4.0-5.2) R 0.80 (0.63,1.01) 0.059
Val-HeFT(T) ACEI/ARB(100%)+BB{35%}+MRA(5%) 4,9 (4.3-5.6) —_— 0.84 (0.67,1.07) 0.154
SCD-HeFT(P) ACEI/ARB(98%)+BB(69%)+MRA({19%) 3.2(2.6-4.0) —— 0.60 (0.45, 0.80)  0.001
SCD-HeFT(A) ACEI/ARB(97%)+BB(69%)+MRA{20%) 2.7(2.2-3.4) [ 0.53(0.39,0.71) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 4.4(3.6-5.3) —_— 0.78(0.58,1.05) 0.099
CHARM-Alternative(T) ARB(100%)+BB{54%)+MRA(24%) 3.0(2.4-3.7) —_— 0.52(0.38,0.72) <0.001
CHARM-Added|(C) ACEI[100%)+BB(55%)+MRA(16%) 4.6(4.0-5.4) —_— 0.71(0.54,0.94) 0.016
CHARM-Added(T) ACEI/ARB(100%)+BB(54%)+MRA(17%) 4.0(3.4-4.7) —_— 0.62 (0.47,0.82) 0.001
CORONA(C) ACEI/ARB(92%)+BB{75%)+MRA({39%) 5.3 (4.7-5.9) —_— 0.87(0.69,1.09) 0.213
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA({39%) 5.1(4.6-5.7) —_— 0.84 (0.67,1.06) 0.142
GISSI-HF(C} ACEI/ARB(93%)+BB(63%)+MRA({41%) 2.5(2.2-3.0) —_— 0.60(0.47,0.77) <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA({39%) 2.9(2.5-3.3) —— 0.69 (0.54, 0.88) 0.003
EMPHASIS-HF(C) ACEI/ARB(93%)+BB(86%) 3.3(2.6-4.1) [RP—— 0.69 (0.50, 0.95)  0.021
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%)+MRA(100%) 2.5(2.0-3.3) —_— 0.51(0.37,0.72) <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 3.7(3.3-4.1) [ 0.79 (0.63,1.00) 0.052
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 3.0 (2.7-3.4) — 0.66 (0.52,0.84) 0.001
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB{91%)+MRA(36%) 3.5 (3.0-4.0) —_— 0.75 (0.59, 0.96)  0.021
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 3.2 (2.8-3.7) —_— 0.72(0.57,0.92) 0.009
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB{91%}+MRA(35%)+Aliskiren 3.3 (2.8-3.7) —— 0.72(0.57,0.92) 0.008

n.lz n‘|4 0.‘6 n.'s 1.0 1.'2 1!4

Annual rates are shown as sudden death per 100 patient-years. Panel A, HRs are adjusted for
conventional confounding variables in the subset of patients with eGFR measurements

available (N=42,920); Panel B, adjustment for conventional covariates and eGFR in the subset
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of patients with eGFR measurement available (N=42,920); Panel C, adjustment for conventional
covariates and eGFR with simple imputation of eGFR levels (N=46,019). HRs shown are
compared to the placebo arm of RALES. C denotes control arm; T, experimental treatment arm;
P, placebo arm; A, amiodarone arm.

Figure 3-9 Hazard ratio for sudden death across the trial arms in HF-REF with incremental
use of evidence-based medications, with adjustment for 8 conventional covariates, eGFR
and NT-proBNP

A
Trial arm Medication Annual rate HR (95% C1) P Vvalue
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 4.6(8.0-5.2) reference _
Val-HeFT(T) ACEI/ARB(100%)+BB{35%)+MRA(5%) 4.9 (4.3-5.6) —le  1.07(0.87,1.32) 0.537
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 5.3(4.7-5.9) |+ 1.11(0.90,137) 0.336
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1(4.6-5.7) _l e+ 1.10(0.89,1.36) 0379
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-3.0) —  + 1 0.81(0.53,122) 0311
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.9(2.5-3.3) [ — 0.65(0.42,1.01) 0.057
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 3.7(3.3-4.1) —4——  1.01(0.83,1.23) 0.888
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 3.0 (2.7-3.4) | 0.84 (0.69, 1.03) 0.097
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB(91%)+MRA(36%) 3.5(3.0-4.0) N 0.94 (0.77,1.16) 0.592
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 3.2(2.8-3.7) | 0.90 (0.73, 1.11) 0.334
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 3 3(2.8-3.7) | 0.90 (0.72, 1.11)  0.316
02 0.4 06 08 101214
B
Trial arm Medication Annual rate HR(95% Cl) pvalue
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 4.6 (4.0-5.2) reference -
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 4.9 (4.3-5.6) —|+— 1.07(0.86,1.31) 0.552
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 5.3 (4.7-5.9) ] 1.12(0.91,1.38) 0.297
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1(4.6-5.7) | 1.11(0.90,1.37) 0.333
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5 (2.2-3.0) —1I——  0.83(0.54,1.26) 0.372
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.9 (2.5-3.3) | 0.67 (0.43,1.04) 0.074
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 3.7 (3.3-4.1) —le—  1.03(0.85,1.26) 0.750
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 3.0 (2.7-3.4) L 0.86(0.70,1.05) 0.138
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB(91%)+MRA(36%) 3.5 (3.0-4.0) I 0.97(0.79,1.20) 0.811
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 3.2 (2.8-3.7) L 0.93(0.75,1.15) 0.509
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 3.3 (2.8-3.7) e 0.93 (0.75,1.15) 0.486
02 0.|4 06 08 1012 1.‘4
C
Trial arm Medication Annual rate HR (95% CI) p value
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 4.6 (4.0-5.2) reference -
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 4.9 (4.3-5.6) — e 1.04(0.84,1.28) 0.738
CORONA(C) ACEI/ARB{92%)+BB(75%)+MRA(39%) 5.3 (4.7-5.9) — 0.93 (0.75,1.15)  0.509
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1(4.6-5.7) — 0.90(0.73,1.11) 0.326
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-3.0) [ 0.73(0.48,1.11) 0.145
GISSI-HF(T) ACEI/ARB{94%)+BB(64%)+MRA(39%) 2.9 (2.5-3.3) [ 0.63 (0.41, 0.98) 0.042
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 3.7 (3.3-4.1) — 0.69 (0.56, 0.84)  <0.001
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 3.0 (2.7-3.4) . 0.57 (0.46, 0.70)  <0.001
ATMOSPHERE (Enarapril)  ACEI/ARB(100%)+BB(91%)+MRA(36%) 3.5 (3.0-4.0) e 0.79 (0.64,0.97) 0.028
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 3.2 (2.8-3.7) — 0.76 (0.61,0.94) 0.013
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 3.3 (2.8-3.7) e 0.75 (0.60, 0.93)  0.008
0.2 04 06 08 101214
D
Trial arm Medication Annual rate HR (95% C1) P value
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 4.6 (4.0-5.2) reference -
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 4.9 (4.3-5.6) —p—  1.04(0.86,1.25) 0.709
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 5.3 (4.7-5.9) —_— 0.98 (0.81,1.17) 0.799
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 5.1 (4.6-5.7) —_—— 0.93(0.78,1.12) 0.464
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5 (2.2-3.0) —— 0.62 (0.49,0.77)  <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.9 (2.5-3.3) —_— 0.72 (0.58,0.89) 0.003
PARADIGM-HF(C) ACEI/ARB(100%)+BB{92%)+MRA(57%) 3.7 (3.3-4.1) —_— 0.75(0.62,0.91)  0.003
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 3.0 (2.7-3.4) — 0.62 (0.51,0.75)  <0.001
ATMOSPHERE (Enarapril)  ACEI/ARB(100%)+BB(91%)+MRA(36%) 3.5 (3.0-4.0) ——t 0.83 (0.68,1.01) 0.057
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 3.2 (2.8-3.7) —_— 0.80 (0.65,0.98) 0.030
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiran 3.3 (2.8-3.7) P 0.79 (0.65,0.97) 0.023
02 04 06 08 101214

Annual rates are shown as sudden death per 100 patient-years. Panel A, adjustment for
conventional confounding variables in the subset of patients with NT-proBNP available
[N=20,715]; Panel B, adjustment for conventional covariates and eGFR in the subset of patients
with NT-proBNP available [N=20,715]; Panel C, adjustment for conventional covariates, eGFR
and log transformed NT-proBNP in the subset of patients with NT-proBNP available [N=20,715];
Panel D, adjustment for conventional covariates, eGFR and log transformed NT-proBNP with
simple imputation of eGFR and NT-proBNP in the trials with NT-proBNP collected (i.e. not
complete missing) [N=26,809]. HRs shown are compared to the placebo arm of Val-HeFT. C
denotes control arm; T, experimental treatment arm.
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Similar to the trend in the sudden death rates across trials, the rat e of pump
failure death was substantially lower in the more recent trials compared to the
earlier trials (Table 3-5 and Figure 3-10). The annual rate of pump failure death
was quite high at 10.6% in the oldest trial ( RALE$yand was 6.4% in BEST put
later seemed to be starting to plateau , with a rate of 1.7% in the latest trials
(PARADIGMHF and ATMOSPHERETable 3-5 and Figure 3-11). Overall, there was
a downward trend in the rate of pump failure death across these trials with a
slope of 3.47% per decade, p for trend =0.027 (Figure 3-11). It seemed the
downward trend was driven by the high rates in the earliest trials of RALES and
BEST, which randomised patients with severe HF; in a sensitivity analysis with
the exclusion of both trials, the falling trend  was attenuated but remained
significant, with a slope of 0.92% per decade, p for trend =0.004 (Figure 3-12).
There was a smaller proportion of pump failure death relative to total mortality

in more recent trials (Figure 3 -5).

ure death rates i n each
I
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Table 3-5 Annual rates and cumulative incidences of pump failure death at different time
points in the included trials in HF-REF (treatment arms combined)

RALES BEST CIBIS-II MERIT-HF Val-HeFT
(N=1663) (N=2617) (N=2647) (N=3991) (N=5010)
No. of pump failure death 316 336 83 88 321
Annual rate (95% ClI) 10.6 (9.5-11.8) 6.4 (5.7-7.1) 24(1.9-29) 22(.827 3.4(3.1-3.8)
Cumulative incidence (95% CI)
30 days 1.0 (0.5-1.4) 0.2 (0.0-0.4) 0.1(0.0-0.2) 0.1(0.0-0.2) 0.1(0.0-0.2)
60 days 2.7 (1.9-3.5) 0.6 (0.3-0.9) 0.4 (0.1-0.6) 0.3(0.1-0.4) 0.3(0.1-0.4)
90 days 3.5(2.6-4.4) 1.0 (0.6-1.4) 0.7 (0.4-1.0) 0.4(0.2-0.6) 0.5(0.3-0.7)
180 days 5.6 (4.5-6.7) 2.4 (1.9-3.0) 1.1(0.7-1.4) 1.0(0.7-1.3) 1.1(0.8-1.4)
1 year 10.5(9.0-12.0) 5.2 (4.4-6.1) 2.2(1.6-27) 21(1.7-2.6) 2.6(2.2-3.0)
2 years 17.8 (15.9-19.6) 10.9 (9.7-12.2) 4.4 (3.3-55) - 6.0 (5.3-6.7)
3 years 21.7 (19.3-24.0) 15.2 (13.6-16.8) - - 9.9 (8.1-11.7)
SCD-HeFT CHARM-Alternative CHARM-added CORONA
(N=1692) (N=1960) (N=2448) (N=4875)
No. of pump failure death 125 151 200 372
Annual rate (95% ClI) 2.2 (1.9-2.6) 3.0(2.5-3.5) 2.8 (2.4-3.2) 3.1(2.8-3.4)
Cumulative incidence (95% CI)
30 days 0.0 0.5 (0.2-0.8) 0.1 (0.0-0.2) 0.1 (0.0-0.2)
60 days 0.3 (0.0-0.6) 0.6 (0.3-1.0) 0.3 (0.1-0.5) 0.4 (0.2-0.5)
90 days 0.3 (0.0-0.6) 0.8 (0.4-1.2) 0.6 (0.3-0.9) 0.6 (0.4-0.9)
180 days 0.7 (0.3-1.0) 1.7 (1.2-2.3) 1.1 (0.7-1.5) 1.5 (1.2-1.9)
1 year 1.4(0.8-1.9) 3.0 (2.3-3.8) 2.5(1.8-3.1) 2.5(2.1-3.0)
2 years 3.3(2.5-4.2) 5.8 (4.7-6.8) 4.7 (3.9-5.6) 5.2 (4.6-5.8)
3 years 5.4 (4.3-6.5) 7.2 (6.0-8.4) 7.3 (6.2-8.3) 7.7 (6.9-8.5)
GISSI-HF EMPHASIS-HF PARADIGM-HF ATMOSPHERE
(N=3820) (N=2316) (N=7156) (N=5968)
No. of pump failure death 321 94 261 305
Annual rate (95% CI) 2.4 (2.1-2.7) 2.2 (1.8-2.7) 1.7 (1.5-1.9) 1.7 (1.5-1.9)
Cumulative incidence (95% ClI)
30 days 0.2 (0.0-0.3) 0.2 (0.0-0.3) 0.1 (0.0-0.1) 0.1 (0.0-0.1)
60 days 0.2 (0.1-0.4) 0.3 (0.1-0.5) 0.1 (0.1-0.2) 0.1 (0.0-0.2)
90 days 0.4 (0.2-0.7) 0.5 (0.2-0.8) 0.2 (0.1-0.3) 0.2 (0.1-0.3)
180 days 1.0 (0.7-1.3) 1.1 (0.7-1.6) 0.5 (0.3-0.7) 0.5 (0.4-0.7)
1 year 2.1 (1.6-2.6) 1.9 (1.3-2.5) 1.5 (1.2-1.8) 1.3 (1.0-1.6)
2 years 4.4 (3.8-5.1) 3.5(2.7-4.4) 3.0 (2.6-3.4) 2.7 (2.3-3.1)
3years 6.2 (5.5-7.0) 5.5 (4.3-6.7) 4.5 (3.9-5.0) 4.3 (3.7-4.8)

Annual rates are shown as pump failure death per 100 patient-years. Cumulative incidences are
abdsenqies data @at dvailabie.

presented
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Figure 3-10 Cumulative incidence curves for pump failure death by trials in HF-REF
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Figure 3-11 Trends in the pump failure death rate across trial arms over time in HF-REF
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Annual rates are shown as pump failure death per 100 patient-years. The black dotted line is based
on the multiple linear regression of the annual rate in each trial arm with the randomisation year
and randomisation arm as covariates, weighted by its inverse-variance and with trial as a
random effect. P for slope represents the p value for randomisation year based on the linear
model. Each circle represents each trial arm as labelled, with the control arm in each trial
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illustrated in gray and the experimental arm in white. The centre of each circle corresponds to
randomisation year (x axis) and the annual rate (y axis) in each arm, the error bars in each
circle correspond to the 95% confidence interval of the annual rate. The area of each circle
represents the sample size in each arm (reference size shown in the upper right corner). C
denotes control arm; T, experimental treatment arm; P, placebo arm; A, amiodarone arm.

Figure 3-12 Trends in the pump failure death rate across trial arms over time in HF-REF, with
the exclusion of RALES and BEST
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Annual rates are shown as pump failure death per 100 patient-years. Other notes and
abbreviations are same as those in Figure 3-11.

The rate of pump failure death was lower in the experimental treatment group

in all trials, with the exceptions of SCD -HeFT and ATMOSPHERE (Figureld).
There was a substantial decline in the risk of pump failure death of 80% over the
past two decades (HR0.20, 95% CI 009-0.47, p<0.001), adjusting for
randomisation treatment with trial as a random effect . In a sensitivity analysis
with the exclusion of RALES and BEST, the size of risk redudion of pump failure
death over time was attenuated to 50% but rem ained significant (HR 0.50, 95% ClI
0.33-0.78, p=0.002). With further adjustment for conventional covariates, the
risk reduction over time was attenuated in both primary and sensitivity analyses,
but randomisation treatment remained significantly related to a lower risk of
pump failure death (HR 0.84, 95% CI 078-0.91, p<0.001). When examining the
risk of pump failure death by individual trial arm, compared to the placebo arm
of RALES, the riskof pump failure death was 89% and90% lower in the treatment
arm of PARADIGMHF and in the combination therapy arm of ATMOSPHERE,
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respectively (Figure 3-13). These differences were slightly attenuated but
remained pronounced after adjustment for conventional confounding covariates
(adjusted HR 0.34, 95% CI1 0.260.43, p<0.001; 0.27, 0.21-0.36, p<0.001,
respectively [Figure 3 -14]). Further adjustment for eGFR gave a similar result
(Figure 3-15). In the cohort with both measurements available in eGFR and NT -
proBNP, compared to the placebo arm of Val -HeFT, the risk of pump failure
death in the treatment arm of PARADIGM-HF and in the combination therapy arm
of ATMOSPHERE were substantially lower (43% and 50% respectively) with
adjustment for the conventional covariates, and continued to fall (63% and 53%
respectively) with further adjustment for NT -proBNP(Figure 3-16). Imputation of

missing values gave similar results (Figure 3-15 and Figure 3-16).

Figure 3-13 Hazard ratio for pump failure death across the trial arms in HF-REF with
incremental use of evidence-based medications

Trial arm Medication Annual rate HR (95% Cl)  p value
RALES(C) ACEI{94%)+BB(10%) 13,0 (11.2-14.9) reference -
RALES(T) ACEI{95%)+BB(11%)+MRA(100%) 8.3(7.0-9.9) —— 0.64(0.51,0.80) <0.001
BEST(C) ACEI/ARB(97%)+MRA(4%) 6.5 (5.6-7.6) —— 0.50(0.40, 0.61) <0.001
BEST(T) ACEI/ARB(96%)+BB(100%)+MRA(3%) 6.3(5.4-7.3) — 0.47 (0.39, 0.59) <0.001
CIBIS-1I{C) ACEI{96%)+MRA(10%) 2.7 (2.1-3.7) —_— 0.22 (0.16, 0.30) <0.001
CIBIS-II(T) ACEI{96%)+BB(100%)+MRA(11%) 2.0(1.5-2.8) —_— 0.16 (0.11, 0.23) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 2.9(2.3-3.8) —_— 0.24(0.18,0.32) <0.001
MERIT-HF(T) ACEI/ARB(95%)+BB(100%)+MRA(7%) 1.5(1.0-2.1) —_— 0.12 (0.08, 0.18) <0.001
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 3.7 (3.2-4.3) — 0.28(0.23,0.35) <0.001
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 3.2(2.7-3.8) —— 0.25(0.20,0.31) <0.001
SCD-HeFT(P) ACEI/ARB(98%)+BB(69%}+MRA(19%) 2.2(1.7-2.8) — 0.16(0.12,0.21) <0.001
SCD-HeFT(A) ACEI/ARB(97%)+BB(69%)+MRA(20%) 2.3(1.8-2.9) —_— 0.17(0.12,0.22) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 3.3(2.7-4.1) —— 0.25(0.19,0.32) <0.001
CHARM-Alternative(T) ARB(100%}+BB(54%)+MRA(24%) 2.6(2.1-3.3) —_— 0.20(0.15, 0.26) <0.001
CHARM-Added(C) ACEI{100%)+BB(55%)+MRA(16%) 3.1(2.6-3.8) — 0.23(0.18,0.29) <0.001
CHARM-Added(T) ACEI/ARB(100%)+BB{54%)+MRA(17%) 2.4(1.9-2.9) — 0.17 (0.14,0.22) <0.001
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 3.1(2.7-3.6) —_ 0.23(0.19,0.29) <0.001
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 3.0(2.6-3.5) —_ 0.23(0.19,0.28) <0.001
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-2.9) —— 0.18(0.15,0.23) <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)}+MRA(39%) 2.2(1.9-2.6) —— 0.16(0.13,0.20) <0.001
EMPHASIS-HF(C) ACEI/ARB(93%)+BB(86%) 2.5(1.9-3.3) —— 0.19(0.14,0.26) <0.001
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%)+MRA(100%) 1.9 (1.4-2.5) —— 0.14(0.10, 0.20) <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%}+MRA(57%) 1.8(1.6-2.2) —— 0.14(0.11,0.17) <0.001
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+.C2696 1.5 {1.2-1.8) — 0.11(0.09, 0.14) <0.001
ATMOSPHERE (Enarapril)  ACEI/ARB(100%)+BB{91%)+MRA(36%) 1.7 (1.4-2.1) —_— 0.12 (0.10, 0.16)  <0.001
ATMOSPHERE (Aliskiren) ~ ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 1.9 {1.6-2.3) — 0.14(0.11,0.18) <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB{91%)+MRA(35%)+Aliskiren 1.4 (1.2-1.8) —— 0.10(0.08, 0.13) <0.001
0,65 o,lz U.A l].(! O.BI l.ﬂl.lz |1.4

Annual rates are shown as pump failure death per 100 patient-years. Hazard ratios shown are
compared to the placebo arm of RALES (N=46,151). C denotes control arm; T, experimental
treatment arm; P, placebo arm; A, amiodarone arm.
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Figure 3-14 Hazard ratio for pump failure death across the trial arms in HF-REF with
incremental use of evidence-based medications, with adjustment for 8 conventional
covariates

Trial arm Medication Annual rate HR (95% Cl)  p value
RALES(C) ACEI(94%)+BB(10%) 13.0(11.2-14.9) reference -

RALES(T) ACEI(95%)+BB(11%)+MRA(100%) 8.3 (7.0-9.9) — 0.64 (0.51,0.80) <0.001
BEST(C) ACEI/ARB(97%)+MRA{4%) 6.5 (5.6-7.6) — 0.64 (0.52,0.80) <0.001
BEST(T) ACE|I/ARB(96%)+BB(100%}+MRA(3%) 6.3 (5.4-7.3) — 0.61(0.49,0.75) <0.001
CIBIS-II(C) ACEI(96%)+MRA(10%) 2.7(2.1-3.7) — 0.33(0.24,0.46) <0.001
CIBIS-II(T) ACEI(96%)+BB(100%)+MRA(11%) 2.0(1.5-2.8) —_— 0.25(0.18,0.36) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 2.9(2.3-3.8) —— 0.46 (0.34,0.62)  <0.001
MERIT-HF(T) ACE|/ARB(95%)+BB(100%)+MRA(7%) 1.5(1.0-2.1) _— 0.23 (0.16,0.34)  <0.001
Val-HeFT(C) ACE|/ARB(93%)+BB(35%)+MRA(5%) 3.7(3.2-4.3) —— 0.61(0.49,0.75)  <0.001
Val-HeFT(T) ACE|/ARB(100%)+BB(35%)+MRA (5%) 3.2 (2.7-3.8) —— 0.52 (0.42, 0.65)  <0.001
SCD-HeFT(P) ACE|/ARB(98%)+BB(69%)+MRA(19%) 2.2 (1.7-2.8) —— 0.38 (0.28,0.52)  <0.001
SCD-HeFT(A) ACE|/ARB(97%)+BB(69%)+MRA(20%) 2.3 (1.8-2.9) — 0.40 (0.30, 0.54)  <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 3.3 (2.7-4.1) —— 0.51(0.39, 0.67)  <0.001
CHARM-Alternative(T) ARB(100%)+BB(54%)+MRA(24%) 2.6 (2.1-3.3) —— 0.40 (0.30, 0.53)  <0.001
CHARM-Added(C) ACEI{100%)+BB{55%)+MRA(16%) 3.1(2.6-3.8) —_— 0.40 (0.31,0.51)  <0.001
CHARM-Added(T) ACEI/ARB(100%)+BB(54%)+MRA(17%) 2.4 (1.9-2.9) —— 0.30(0.23,0.39) <0.001
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA{39%) 3.1(2.7-3.6) —— 0.42 (0.34,0.52)  <0.001
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA{39%) 3.0 (2.6-3.5) —— 0.40 (0.33, 0.50)  <0.001
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA{41%) 2.5(2.2-2.9) — 0.44 (0.35,0.55)  <0.001
GISSI-HF(T) ACE|/ARB(94%)+BB(64%)+MRA(39%) 2.2 (1.9-2.6) —_— 0.39(0.31,0.49)  <0.001
EMPHASIS-HF(C) ACEI/ARB(93%)+BB(86%) 2.5(1.9-3.3) —— 0.50 (0.36,0.70)  <0.001
EMPHASIS-HF(T) ACE|/ARB(94%)+BB(85%)+MRA(100%) 1.9 (1.4-2.5) —_— 0.34 (0.24,0.50)  <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 1.8 (1.6-2.2) — 0.42 (0.33,0.53)  <0.001
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 1.5 (1.2-1.8) —_— 0.34 (0.26,0.43)  <0.001
ATMOSPHERE (Enarapril)  ACEI/ARB(100%)+BB(91%)+MRA(36%) 1.7 (1.4-2.1) —— 0.32(0.24,0.41)  <0.001
ATMOSPHERE (Aliskiren)  ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 1.9 (1.6-2.3) —— 0.36 (0.29, 0.47)  <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 (1.2-1.8) —_— 0.27 (0.21,0.36)  <0.001

0.(|15 ﬂ.; 0.‘: O.SI ﬂ.ﬂl 1.0 1.IZ !I..4

Annual rates are shown as pump failure death per 100 patient-years. Hazard ratios are adjusted for
conventional covariates including age, sex, NYHA class, LVEF, ischaemic aetiology, previous
myocardial infarction, and a history of hypertension and diabetes (N= 46019). Hazard ratios
shown are compared to the placebo arm of RALES. C denotes control arm; T, experimental
treatment arm; P, placebo arm; A, amiodarone arm.
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Figure 3-15 Hazard ratio for pump failure death across the trial arms in HF-REF with
incremental use of evidence-based medications, with adjustment for 8 conventional
covariates and eGFR
A

Trial arm Medication Annual rate HR(95% Cl) p value
RALES(C) ACEI(94%)+BB(10%) 13.0(11.2-14.9) reference -
RALES(T) ACEI(95%)+BB(11%)+MRA(100%) 8.3 (7.0-9.9) —_ 0.63 (0.50,0.79) <0.001
BEST(C) ACEI/ARB{97%)+MRA(4%) 6.5 (5.6-7.6) —— 0.63 (0.51,0.79) <0.001
BEST(T) ACEIfARB(96%)+BB(100%)+MRA(3%) 6.3 (5.4-7.3) —— 0.59(0.47,0.73) <0.001
CIBIS-II(C) ACEI[96%)+MRA({10%) 2.7 (2.1-3.7) —_— 0.33(0.24,0.46) <0.001
CIBIS-II(T) ACEI(96%)+BB(100%)+MRA(11%) 2.0(1.5-2.8) —_— 0.25(0.17,0.36) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 2.9(2.3-3.8) —— 0.46 (0.34, 0.62) <0.001
MERIT-HF(T} ACEI/ARB(95%)+BB(100%)+MRA(7%) 1.5(1.0-2.1) —— 0.22(0.14,0.32) <0.001
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 3.7 (3.2-4.3) —_— 0.61(0.49, 0.75) <0.001
Val-HeFT(T) ACEI/ARB({100%}+BB(35%)+MRA(5%) 3.2(2.7-3.8) —_ 0.52 (0.42, 0.65) <0.001
SCD-HeFT(P) ACEI/ARB{98%)+BB(69%)+MRA(19%) 2.2 (1.7-2.8) —_— 0.37(0.27,0.51) <0.001
SCD-HeFT(A} ACEI/ARB(97%)+BB(69%)+MRA(20%) 2.3 (1.8-2.9) —_—— 0.40 (0.30, 0.54) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 3.3(2.7-4.1) —_— 0.48 (0.32,0.73) 0.001
CHARM-Alternative(T) ARB(100%)+BB(54%)+MRA(24%) 2.6(2.1-3.3) —_— 0.22 (0.12, 0.38) <0.001
CHARM-Added(C) ACEI(100%)+BB(55%)+MRA(16%) 3.1(2.6-3.8) —_— 0.37 (0.26, 0.52) <0.001
CHARM-Added(T) ACEI/ARB{100%}+BB(54%)+MRA({17%) 2.4 (1.9-2.9) —_— 0.30(0.20, 0.44) <0.001
CORONA(C) ACEIfARB(92%)+BB(75%)+MRA(39%) 3.1(2.7-3.6) —— 0.41(0.33,0.51) <0.001
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 3.0 (2.6-3.5) — 0.41(0.33,0.51) <0.001
GISSI-HF(C) ACEI/ARB{93%)+BB(63%)+MRA(41%) 2.5(2.2-2.9) —_— 0.44 (0.35,0.55) <0.001
GISSI-HF(T) ACEIfARB(94%)+BB(64%)+MRA(39%) 2.2 (1.9-2.6) — 0.39 (0.31, 0.50) <0.001
EMPHASIS-HF(C) ACE|/ARB(93%)+BB(86%) 2.5(1.9-3.3) e 0.51(0.37,0.71) <0.001
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%)+MRA(100%) 1.9 (L.4-2.5) —_— 0.35(0.24,0.51) <0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA{57%) 1.8 (1.6-2.2) —_— 0.42 (0.33, 0.53) <0.001
PARADIGM-HF(T) ACEI/ARB{100%}+BB(93%)+MRA(54%)+LCZ696 1.5 (1.2-1.8) —_— 0.34(0.26, 0.43) <0.001
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB(91%)+MRA(36%) 1.7 (L.4-2.1) —— 0.31(0.24,0.41) <0.001
ATMOSPHERE (Aliskiren)  ACEI/ARB(2%)+BB{90%)+MRA(35%)+Aliskiren 1.9 (1.6-2.3) —_ 0.36 (0.28, 0.47) <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 (1.2-1.8) —_— 0.27(0.21, 0.36) <0.001
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Trial arm Medication Annual rate HR (95% Cl)  pvalue
RALES(C) ACEI(94%)+BB(10%) 13.0(11.2-14.9) reference -
RALES(T) ACEI{95%)+BB(11%)+MRA{100%) 8.3(7.0-9.9) —_—— 0.65 (0.52,0.81} <0.001
BEST(C) ACEI/ARB(97%)+MRA(4%) 6.5 (5.6-7.6) —_ 0.66 (0.53, 0.82) <0.001
BEST(T) ACEI/ARB(96%)+BB(100%)+MRA(3%) 6.3 (5.4-7.3) —— 0.62 (0.50,0.77}) <0.001
CIBIS-II{C) ACEI(96%)+MRA(10%) 2.7(2.1-3.7) —_— 0.37(0.27,0.51} <0.001
CIBIS-I(T} ACEI(96%)+BB(100%)+MRA(11%) 2.0 (1.5-2.8) — 0.27 (0.19, 0.38) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 2.9(2.3-3.8) — 0.47 (0.34,0.63) <0.001
MERIT-HF(T) ACEI/ARB{95%)+BB(100%)+MRA(7%) 1.5{1.0-2.1) —— 0.21(0.14,0.32) <0.001
Val-HeFT(C) ACEI/ARB{93%)+BB(35%}+MRA[5%) 3.7 (3.2-4.3) —_— 0.56 (0.45,0.70) <0.001
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)}+MRA(5%) 3.2(2.7-3.8) —— 0.47 (0.38,0.58) <0.001
SCD-HeFT(P) ACEI/ARB(98%)+BB(69%}+MRA(19%) 2.2 (1.7-2.8) —_— 0.38 (0.28,0.51}) <0.001
SCD-HeFT(A) ACEI/ARB{97%)+BB(69%}MRA(20%) 2.3 (1.8-2.9) —_— 0.41 (0.30, 0,56} <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 3.3 (2.7-4.1) —_— 0.51(0.33,0.77) 0.001
CHARM-Alternative(T) ARB(100%)+BB(54%)+MRA(24%) 2.6(2.1-3.3) —_— 0.21(0.12,0.37) <0.001
CHARM-Added(C) ACEI(100%)+BB(55%)+MRA(16%) 3.1(2.6-3.8) — 0.42 (0.30, 0.60) <0.001
CHARM-Added(T) ACEI/ARB(100%)+BB(54%)+MRA(17%) 2.4 {1.9-2.9) —— 0.33(0.23,0.49) <0.001
CORONA(C) ACEI/ARB(92%)+BB(75%}+MRA(39%) 3.1(2.7-3.6) —— 0.41(0.33,0.51) <0.001
CORONA(T) ACEI/ARB(91%)+BB(75%}+MRA{39%) 3.0(2.6-3.5) —_— 0.40(0.32,0.50) <0.001
GISSI-HF(C) ACEI/ARB(93%)+BB(63%}+MRA(41%) 2.5(2.2-2.9) —_— 0.47 (0.38,0.59) <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%+MRA(39%) 2.2 (1.8-2.6) —— 0.42 (0.34,0.53) <0.001
EMPHASIS-HF(C) ACEI/ARB(93%)+BB(86%} 2.5(1.9-3.3) [ 0.60 (0.43,0.84) 0.003
EMPHASIS-HF(T) ACEI/ARB{94%)+BB(85%+MRA(100%) 1.9 (1.4-2.5) —— 0.41(0.28, 0.60) <0.001
PARADIGM-HF(C) ACEI/ARB({100%)+BB(92%)}+MRA(57%) 1.8(1.6-2.2) —— 0.44(0.35,0.56) <0.001
PARADIGM-HF(T) ACEI/ARB({100%)+BB(93%)+MRA(54%)+LCZ696 1.5 (1.2-1.8) —— 0.35(0.28,0.45) <0.001
ATMOSPHERE (Enarapril)  ACEI/ARB{100%)+BB(91%)+MRA(36%) 1.7 (L4-2.1) — 0.36 (0.28, 0.46) <0.001
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB({90%)+MRA(35%)+Aliskiren 1.9(1.6-2.3) —_—— 0.43 (0.33,0.55) <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 {1.2-1.8) —_— 0.32 (0.24,0.41}) <0.001
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Trial arm Medication Annual rate HR (95% Cl) pvalue
RALES(C) ACEI(94%)+BB(10%) 13,0 (11.2-14.9) reference -
RALES(T) ACEI(95%)+BB(11%)+MRA{100%) 8.3 (7.0-9.9) —— 0.65 (0.52, 0.81) <0.001
BEST(C) ACEI/ARB(97%)+MRA(4%) 6.5 {5.6-7.6) —— 0.67 (0.54,0.82) <0.001
BEST(T) ACEI/ARB(95%]+BB(100%)+MRA(3%) 6.3 (5.4-7.3) —.— 0.63 (0.51,0.79)  <0.001
cIBIs-h{c) ACEI(96%)+MRA(10%) 2.7 (2.1-3.7) —_—— 0.37(0.27,0.51) <0.001
CIBIS-II(T) ACEI(96%)+BB({100%)+MRA(11%) 2.0(1.5-2.8) . 0.27(0.19,0.38) <0.001
MERIT-HF(C) ACEI/ARB(96%)+MRA(8%) 2.9(2.3-3.8) —_— 0.47 (0.34, 0.63) <0.001
MERIT-HF(T) ACEI/ARB(95%)+BB(100%)+MRA(7%) 1.5{1.0-2.1) 0.23 (0.15,0.34) <0.001
Val-HeFT(C) ACEI/ARB(93%)+BB(35%}+MRA(5%) 3.7 (3.2-4.3) —— 0.56 (0.45, 0.70) <0.001
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 3.2 (2.7-3.8) —_— 0.48 (0.38, 0.60) <0.001
SCD-HeFT(P) ACEI/ARB(98%)+BB(69%}+MRA(19%) 2.2 (1.7-2.8) . 0.39(0.29,0.53) <0.001
SCD-HeFT(A) ACEI/ARB(97%)+BB(69%}+MRA(20%) 2.3 (1.8-2.9) —_— 0.41(0.31, 0.56) <0.001
CHARM-Alternative(C) BB(54%)+MRA(23%) 3.3(2.7-4.1) —— 0.46 (0.34,0.62) <0.001
CHARM-Alternative(T) ARB(100%)+BB(54%}+MRA(24%) 2.6(2.1-3.3) + 0.35(0.25,0.48) <0.001
CHARM-Added(C) ACEI(100%)+BB(55%)+MRA(16%) 3.1(2.6-3.8) —— 0.36 (0.27, 0.48) <0.001
CHARM-Added(T) ACEI/ARB(100%)+BB(54%)+MRA(17%) 2.4 {1.9-2.9) — 0.27(0.20,0.37) <0.001
CORONA(C) ACEI/ARB{92%)+BB(75%}+MRA(39%) 3.1(2.7-3.6) —_— 0.41(0.33,0.50) <0.001
CORONA(T) ACEI/ARB{91%)+BB(75%}+MRA(39%) 3.0 {2.6-3.5) —— 0.40 (0.32,0.49) <0.001
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA[41%) 2.5(2.2-2.9) - 0.47 (0.38,0.59) <0.001
GISSI-HF(T) ACEI/ARB(94%)+BB(64%+MRA(39%) 2.2(1.8-2.6) —_— 0.42 (0.33,0.53) <0.001
EMPHASIS-HF(C) ACEI/ARB(93%)+BB(86%} 2.5(1.9-3.3) —_— 0.59 (0.42, 0.82) 0.002
EMPHASIS-HF(T) ACEI/ARB(94%)+BB(85%}+MRA(100%) 1.9 (1.4-2.5) . 0.40 (0.28,0.59) <0.001
PARADIGM-HF(C} ACEI/ARB(100%)+BB(92%)}+MRA(57%) 1.8(1.6-2.2) —— 0.4 (0.35, 0.56) <0.001
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LC2696 1.5 (1.2-1.8) — 0.35(0.28,0.45)  <0.001
ATMOSPHERE (Enarapril) ACEI/ARB({100%)+BB(91%})+MRA(36%) 1.7 (1.4-2.1) . 0.36 (0.28, 0.47) <0.001
ATMOSPHERE (Aliskiren) ~ ACEI/ARB(2%)+BB{90%)+MRA(35%)+Aliskiren 1.9 {1.6-2.3) — 0.43 (0.33,0.55) <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 (1.2-1.8) . 0.32(0.24,0.41) <0.001
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Annual rates are shown as pump failure death per 100 patient-years. Panel A, HRs are adjusted for

conventional confounding variables in the subset of patients with eGFR measurements

available (N=42,920); Panel B, adjustment for conventional covariates and eGFR in the subset

of patients with eGFR measurements available (N=42,920); Panel C, adjustment for
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conventional covariates and eGFR with simple imputation of eGFR levels (N=46,019). HRs
shown are compared to the placebo arm of RALES. C denotes control arm; T, experimental
treatment arm; P, placebo arm; A, amiodarone arm.

Figure 3-16 Hazard ratio for pump failure death across the trial arms in HF-REF with
incremental use of evidence-based medications, with adjustment for 8 conventional
covariates, eGFR and NT-proBNP

A
Trial arm Medication Annual rate HR (95% ClI) p value
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 3.7(3.2-4.3) reference -
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 3.2(2.7-3.8) . 0.92(0.72,1.18) 0.508
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 3.1(2.7-3.6) D 0.80(0.62,1.04) 0.100
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 3.0(2.6-3.5) [ 0.82(0.63,1.06) 0.124
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-2.9) - 0.92(0.61,1.40) 0.701
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.2(1.9-2.6) . 0.57(0.35,0.93) 0.026
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 1.8(1.6-2.2) — 0.71(0.56,0.91) 0.006
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 1.5 (1.2-1.8) —_— 0.57{0.44,0.73) <0.001
ATMOSPHERE (Enarapril)  ACEI/ARB(100%)+BB(91%)+MRA(36%) 1.7 (1.4-2.1) —_— 0.56{0.43,0.73) <0.001
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 1.9 (1.6-2.3) _— 0.62{0.48,0.81) <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 (1.2-1.8) - 0.50(0.38,0.66) <0.001
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Trial arm Medication Annual rate HR (95% CI} p value
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 3.7 (3.2-4.3) reference -
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA(5%) 3.2(2.7-3.8) — 0.90(0.70,1.15)  0.400
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 3.1(2.7-3.6) — 0.84(0.65,1.09) 0.192
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 3.0 (2.6-3.5) —_— 0.86(0.67,1.12) 0.263
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-2.9) — 1+ 1.06(0.70,1.61) 0.782
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.2 (1.9-2.6) _ 0.65(0.40, 1.06)  0.086
PARADIGM-HF(C) ACEI/ARB{100%)+BB(92%)+MRA(57%) 1.8 (1.6-2.2) —_— 0.79(0.62,1.00) 0.055
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LC2696 1.5 (1.2-1.8) —_— 0.63(0.49,0.81) <0.001
ATMOSPHERE (Enarapril) ACE|/ARB(100%)+BB(91%)+MRA(36%) 1.7 (1.4-2.1) — 0.68 (0.52,0.89) 0.004
ATMOSPHERE {Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 1.9 (1.6-2.3) —_— 0.76(0.58,1.00)  0.050
ATMOSPHERE {Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 (1.2-1.8) —_— 0.61(0.46,0.81)  0.001
T T T T T
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Trial arm Medication Annual rate HR (95% Cl) p value
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 3.7 (3.2-4.3) reference -
Val-HeFT(T) ACEI/ARB(100%)+BB(35%)+MRA{5%) 3.2 (2.7-3.8) —_— 0.85(0.67,1.09) 0.199
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 3.1(2.7-3.6) e 0.65 (0.50, 0.84) 0.001
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 3.0 (2.6-3.5) —_— 0.65(0.50, 0.84) 0.001
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5 (2.2-2.9) ————+1——  0.89(0.59,1.35) 0.582
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.2 (1.9-2.6) S 0.58(0.36,0.95) 0.030
PARADIGM-HF(C} ACEI/ARB(100%)+BB(92%)+MRA(57%) 1.8 (1.6-2.2) —_—— 0.46(0.36,0.59) <0.001
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LC2696 1.5 (1.2-1.8) —_— 0.37(0.28,0.47) <0.001
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB(91%)+MRA(36%) 1.7 (1.4-2.1) —_— 0.51(0.39,0.67) <0.001
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB(90%)+MRA(35%)+Aliskiren 1.9 (1.6-2.3) —_— 0.59(0.45,0.77) <0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 {1.2-1.8) —_— 0.47(0.35,0.62) <0.001
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Trial arm Medication Annual rate HR (95% CI) p value
Val-HeFT(C) ACEI/ARB(93%)+BB(35%)+MRA(5%) 3.7(3.2-4.3) reference -
Val-HeFT(T) ACEI/ARB(100%)+BB{35%)+MRA(5%) 3.2(2.7-3.8) — 0.81 (0.65, 1.00) 0.054
CORONA(C) ACEI/ARB(92%)+BB(75%)+MRA(39%) 3.1(2.7-3.6) —_— 0.64 (0.51, 0.80) <0.001
CORONA(T) ACEI/ARB(91%)+BB(75%)+MRA(39%) 3.0(2.6-3.5) —_— 0.62(0.50, 0.78) <0.001
GISSI-HF(C) ACEI/ARB(93%)+BB(63%)+MRA(41%) 2.5(2.2-2.9) —_— 0.75 (0.58, 0.95) 0.019
GISSI-HF(T) ACEI/ARB(94%)+BB(64%)+MRA(39%) 2.2(1.9-2.6) —_— 0.66 (0.52, 0.85) 0.001
PARADIGM-HF(C) ACEI/ARB(100%)+BB(92%)+MRA(57%) 1.8(1.6-2.2) B 0.52 (0.41, 0.66) <0.001
PARADIGM-HF(T) ACEI/ARB(100%)+BB(93%)+MRA(54%)+LCZ696 1.5 (1.2-1.8) —_— 0.42 (0.32, 0.53) <0.001
ATMOSPHERE (Enarapril) ACEI/ARB(100%)+BB(91%)+MRA(36%) 1.7 (1.4-2.1) _ 0.54 (0.42, 0.70) <0.001
ATMOSPHERE (Aliskiren) ACEI/ARB(2%)+BB({90%)+MRA(35%)+Aliskiren 1.9 (1.6-2.3) _— 0.65 (0.51, 0.84) 0.001
ATMOSPHERE (Combination) ACEI/ARB(100%)+BB(91%)+MRA(35%)+Aliskiren 1.4 (1.2-1.8) —_— 0.48 (0.37, 0.63) <0.001
] I [l ] I [l
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Annual rates are shown as pump failure death per 100 patient-years. Panel A, adjustment for
conventional confounding variables in the subset of patients with NT-proBNP available
[N=20,715]; Panel B, adjustment for conventional covariates and eGFR in the subset of patients
with NT-proBNP available [N=20,715]; Panel C, adjustment for conventional covariates, eGFR
and log transformed NT-proBNP in the subset of patients with NT-proBNP available [N=20,715];
Panel D, adjustment for conventional covariates, eGFR and log transformed NT-proBNP with
simple imputation of eGFR and NT-proBNP in the trials with NT-proBNP collected (i.e. not
complete missing) [N=26,809]. HRs shown are compared to the placebo arm of Val-HeFT. C
denotes control arm; T, experimental treatment arm.
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326Sudden death atpdisHftder engupf omé ow

The cumulative incidences of sudden death at 90 days were consistently low

across these trials ranging from 2.4% (95% CI 1.63.1%) in RALES to 1.0% (95% CI
0.7-1.2%) in ATMOSPHERE (Table®8and Figure 3-2). At 180 days, in general,

the cumulative incidenc e of sudden death was nearly double that at 90 days in
each trial , but it remained low in absolute terms, at around 2% in contemporary
trials such as PARADIGMHF and ATMOSPHERHR 1 year, t he cumulative

incidence reached 6.7% in RALE@nd was 5.8% in BESDr lower in the other

trials. At 3 years, the cumulative sudden death rate reached over 13%in RALES,
BEST and CORONA (13.4%, 13.5% and 13.2% respectively), but was much lower in

the more recent trials (around 7.4-9.3%).

327Pump fail ur e detaitrhe agoidntfd eaigritn

The cumulative incidences of pump failure death at 90 days were consistently

low at 1.0% or lower across these trials, except for RALES with a value of 3.5%
(95% ClI 2.64.4%) (Table 3-5 and Figure 3-10). At 180 days, the cumul ative
incidence of pump failure death was almost double that at 90 days in each trial ,
but it remained low in absolute terms at 0.5% inthe contemporary PARADIGVHF
and ATMOSPHERH 1 year, the cumulative incidence reached 10.5% in RALES
and 5.2% in BESTand was 3.0% in CHARMIternative or lower in the other trials.
At 3 years, the cumulative incidence of pump failure death reached over 21%in
RALES and 15% in BEST, but wasbstantially lower in the more recent trials
(about 4.3-6.2%).
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328Sudden deaonhgdiHF® dur at i

on

The cumulative risk of sudden death during follow -up was plotted according to

the length of time from the diagnosis of HF to randomisation based on the

merged data from ten trials with this information available (Figur

e 3-17). There

was a significant overall difference among patients with different HF durations

(Graybds test p<0.001), where

death, especially in the later period of follow

l onger

-up. There was no evidence that

the risk of sudden death in patients with recent-onset HF (within 3 months

before randomisation) was higher than those with longer -standing HF.

Figure 3-17 Cumulative incidence curves for sudden death over time in HF-REF according
to the length of time between diagnosis of HF and randomisation (trials with data available

hi

combined)
m —
. 7| HF duration  No. of patients No. of events (%) Hazard ratio (95% ClI)
0-3 months 3870 285 (7.4) reference
>3-6 months 3837 314 (8.2) 1.10 (0.92-1.30), p=0.294
>B-12 months 4421 358 (8.1) 1.04 (0.86-1.25), p=0.717
>1-2 years 5502 533 (9.7) 1.23 (1.01-1.49), p=0.038
>2-5 years 9686 1032 (10.7) 1.29 (1.06-1.58), p=0.012 e
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Hazard ratios for sudden death are shown for patients diagnosed within 3 months compared to
those diagnosed with HF for >3-6 months, >6-12 months, >1-2 years, >2-5 years and >5 years
respectively. These hazard ratios are adjusted for age, sex, NYHA class, LVEF, ischaemic
aetiology, previous myocardial infarction and a history of diabetes and hypertension and are
counted for within-trial clustering (N=37,706). Data were available in BEST, Val-HeFT, SCD-
HeFT, CHARM-Alternative, CHARM-Added, CORONA, GISSI-HF, EMPHASIS-HF,

PARADIGM-HF and ATMOSPHERE (N= 37,830).

st
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329 Pump f dielaarbe orgd i HF® dur ati on

As shown in Figure 318, the cumulative incidence curves for pump failure death
during follow -up were outlined by HF duration. Overall, a significant difference
in the risk of pump failure death was observed amongpatients with different HF
durations (Grayd s t e st . Ratefts witt0 tbrjger-standing HF carried a
higher risk of pump failure death: compared to patients with recent -onset HF,
the risk of pump failure death was about 90%, 120% and 170% higher inthose

with a diagnoss of HF of >1-2 years, >2-5 years and over 5 years respectively.

Figure 3-18 Cumulative incidence curves for pump failure death over time in HF-REF
according to the length of time between diagnosis of HF and randomisation (trials with data
available combined)

o~
~ | HF duration No. of patients No. of events (%) Hazard ratio (95% ClI)
0-3 months 3870 110 (2.8) reference
>3-6 months 3837 138 (3.6) 1.27 (1.01-1.62), p=0.045
— - =6-12 months 4421 223 (5.0) 1.74 (1.43-2.11), p<0.001
>1-2 years 5502 321 (5.8) 1.92 (1.66-2.22), p<0.001 )
>2-5 years 9686 714 (7 4) 222 (1.89-2.62), p<0.001 L
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Hazard ratios for pump failure death are shown for patients diagnosed within 3 months compared
to those diagnosed for >3-6 months, >6-12 months, >1-2 years, >2-5 years and >5 years
respectively. These hazard ratios are adjusted for age, sex, NYHA class, LVEF, ischaemic
aetiology, previous myocardial infarction and a history of diabetes and hypertension and are
counted for within-trial clustering (N=37,706). Data were available in BEST, Val-HeFT, SCD-
HeFT, CHARM-Alternative, CHARM-Added, CORONA, GISSI-HF, EMPHASIS-HF,
PARADIGM-HF and ATMOSPHERE (N= 37,830).
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33Di scussi on

This analyss of individual patient -level data from 46,163 patients randomi sed in
13 clinical trials showed that the rate s of sudden death and pump failure death
in patients with HF -REF hae fallen by 41%and by 80%respectively over the last
20 years between the start of RALES and the completion of ATMOSPHERE. The
declining rates over this period are in parallel with a cumulative use of disease
modifying therapies known to reduce both modes of death. Now in patients with
a high adoption of modern disease-modifying tr eatment in H~REF,the absolute
rate is relatively low for sudden death at around 2%at 6 months and 9% by 3
years, and is even lower for pump failure death with the corresponding rates of
0.5% and 4.5% respectively.Of note, a longer history of HF was associated with
higher risks of sudden death and, in particular, pump failure death, especially in

the later period of follow -up.

This analysis found that the risk of sudden death has declined across trials over
the last two deca des, and this was coincident with a cumulative use of disease
modifying therapies including beta-blockers and MRAs over the same time frame.
Concerns may arise that the falling risk may be driven by the diverse study
design and different levels of comorbid ity burden across these trials. For
example, patients enrolled in the more recent trials were more likely to have a
history of hypertension and diabetes, and tended to have a lower blood pressure
and heart rate than those in the older trials. However, the downward trend
persisted after adjustment for major difference across the trials and key
prognostic factors. Besides, the estimate of the falling risk of sudden death over
time may be conservative. The plasma NT-proBNP, an important prognostic
factor, was only measured in a subset of patients, but based on the cohort with
data available, additional adjustment for NT-proBNP gave a substantially lower
risk of sudden death in the more recent trials and treatment arms. Reassuringly,
the observation of the falli ngtrend in the sudden death rate was echoed by the

finding from a study based on less selected patients over a similar time span. %2

A more pronounced reduction was observed in the risk of pump failure death
across the same period, compared to sudden death or death from any cause ;
accordingly, pump failure death made a smaller contribution to overall mortality

over time. Although both risks of sudden death and pump failure death increased
118
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with progression of HF, pump failure death was more common, as a proportion
of total mortality, in patients with more advanced HF.7-8* It is arguable that the
falling trend in the rate of pump failure death may be  due to an unfair
comparison given that patients enrolled in the earlier trials, i.e. RALES and
BEST had more severe HF than those in the more recent trials. However, after
excluding patients in RALES and BEST in a sensitivity analysisthe falling trend
persisted, although attenuated , and this was also the case with adjust ment for
the severity of HF including NYHA class and LVEF and other prognostic factors.
This may reflect the cumulative use of disease modifying therapies, given the
evidence from individual clinical trials that  pharmacotherapies including beta-
blockers and MRAs improved pump function and lowered the risk of pump failure
death, " 66.67 which was reinforced by the observation in this analysis that
randomisation treatment was significantly associated with a lower risk of pump
failure death. Another possible reason could be the improved management of
acute worsening of HF, which would otherwise have led to a mortal event.
Nevertheless, the observation of a declining risk of pump failure death over time
stands in contrast to some observational studies in which only a modest
reduction or even an increase was observedin the risk of pump failure death
over time .51 52 The reason for the discrepancy is uncertain, but it may result
from the differenc e in the study population , since patients in this analysis were
selected for trial participation, who were more likely to be younger and stable

or have less severe symptoms, and who were different from those with newly
diagnosed HF or hospitalised patients in observational studies. Besides, patients
enrolled in the clinical trials were more likely to  have comprehensive health
care involving more frequent patient contact and better and timely management

of HF aggravation than those in observational studies.

Encouragingly, the cumulative incidences of sudden death are low at 3 months,
and even at 6 months, in the more recent trials, in  concert with a recent report
of the national experience of weara ble cardioverter defibrillators in the United
States.'?° Current guidelines have recommended the use of evidence -based
medications for at least 3 months before device implantation. 3 30 However, in
newly diagnosed patients initiation and up -titration of three neurohumoral
blockers may take many weeks and there is evidence that reverse -remodelling is

both dose-dependent and greater with multiple drugs than one or two agents. 13%
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135 Moreover, decreases in left ventricular volumes and increase sin LVEF may
still occur between 6 and 12 months after treatment initiation. Conseq uently, 3
months may be too short a period to wait to see whether there is sufficient
recovery of LVEF to obviate the need for an ICD. For example, in one study, 66%
of potential ICD candidates demonstrated an increase in LVEF above the
threshold for impla ntation after optimi sation of medical therapy over an average
of 5.4 months. 136 This analysis hasshown that the rate of sudden death remains

l ow (02%) for at rarel@rssationsin tmedriald anaysed.itis e r
unlikely that a clinically meaningful mortality benefit will be obtained with an

ICD in patients with a sudden death rate of 1 -2%2>3" especially over the first 6
months after implant ation, as the clinical trials showed no discernible benefit
using ICDs in that period.3% 32 This view is reinforced by a recent study in whi ch
no reduction in overall mortality was observed in patients with non -ischemic
cardiomyopathy with high adoption of modern pharmacological treatment and
cardiac resynchronization therapy. 3° Furthermore, in a recent nationwide
analysis of complications after primary prevention ICD implantationi n
ambulatory patients in the US , the device -related mortality rate was reported to
be 0.73% at 30 days (with a total serious complication rate of 8.4%). 38 It seems
unlikely from the present findings that the mortality related to device

implantation could be offset by a reduction in sudden death within 6 months.

This result, therefore, highlights the need for better risk stratificati on of sudden

death to benefit from ICD therapy in a cost -effective manner.

The mortality rates due to progressive heart failure were quite low at early

follow -up in the contemporary trials, e.g. at about 0.5% and 1.0% at 3 and 6
months respectively. A dif ferent picture was outlined in population -based
studies, where a high rate of pump failure death at early follow -up was
observed.?? This inconsistency was not surprising given that patients enrolled in
clinical trials often have established HF, i.e. survivors of early high -risk phase of

this disease, in which death due to worsening HF makes a greater contrib ution.

Patients with newly diagnosed HF did not have a higher risk for sudden death
than those with a longer history of HF, if anything, the opposite is true,
especially at later period s of follow -up. The association of a longer history of HF

with a highe r risk was also observed for pump failure death, with a greater
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magnitude of the association and a wider separation by HF duration. This
observation may be due the fact that p atients with a longer standing of HF more
often have advanced HF, in whom death from worsening HF is more common

than sudden death. ’

There are several limitations to this analysis. First ly, the study is a post -hoc

analysisbased onclinical trialdata r at her t-wanl dbeabhorts

patients tend to be older, have more co -morbidity and be treated with fewer

and less optimal doses of guide recommended medications. 13%141 However,
compar ed t ewotrh ed 60 rueneshertsecahorts filom clinical trials
have detailed characteri sation and follow -up, which allows more complete
multivariable adjustment. Moreover, itisin p atients similar to those in this
analysis that ICDs are most clearly indicated. Secondly, the defi nition s for mode -
specific death were not uniform despite being broadly similar acrossthese trials.
This is not surprising given that there were no standardised definitions for mode -
specific death until very recently when the USACCF and AHA ircollaborati on
with the FDA made a consensus on the definitions of cardiovascular endpoint
events used in clinical trials .4® Besides, accurate classification of modes of death
not only requires specific and detailed definitions, but also needs to capture the
specific characteristics surrounding death and collect this information in a
standardised way. Use of clinical trials has another strength that mortality

events are sub-classified and cause of death is adjudicated in a careful and
standardised way, and this could reduce the bias and variation within a trial.
Thirdly, in this analysis time since randomisation instead of time since HF
diagnosis was used as the underlying time scale, in other words, the patients
examined were the oOnat ur adndomisationiThiomag 6
be less likely to reflect the risks of sudden death and pump failure death in the
time course of HF progression. However, ten out of the 13 trials provided

information on the length of time between diagnosis of HF and randomisation.

34Summar y

The risks of sudden death and pump failure death in patients with HF -REF
enrolled in clinical trials have fallen over the last two decades, in parallel with a
cumulative use of disease modifying therapies on both modes of death. The

absolute rates of sudden death and pump failure death w ere particularly low in

by



Chapter 3 122

the early follow -up after randomisation in pharmacologically well -treated
patients in the contemporary trials. A longer standing HF was associated with

greater risk s of sudden death and, particular ly, pump failure death.

Given the falling risks of both modes of death, it is of great importance to

identify a high-risk subgroup to target costly devices to those most in need and
to identify a low -risk subgroup to avoid unnecessary treatment , thereby
improving the cost effecti veness of device treatment . In the next chapt er, | will
develop prognostic models to estimate the individual risks for sudden death and
pump failure death in patients with HF -REFE
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Chapter4 Devel oping model s to
death and pump f a-RBEure dea

In this chapter | will develop prognostic models for sudden death and pump

failure death separately in patients with HF -REF enrolled in PARADIGNHF using

a competing risk approach with Fine -Gray sub-distribution al hazards regression

models, accounting for the prognostic influence of death from other causes. 27-118

The performance of the derived models will be examined by assessing the

calibration ability, i.e. the agreement between the predicted and obser  ved

cumulative incidences, and discrimination ability, i.e. separating patients with a
higher risk from those with a | ower risk.
for each mode of death will be calculated and the corresponding cumulative

incidence will be predicted.

41 Met hods

411Study popul ati on

The models were developed in a subset of patients with HF-REF randomisedin
PARADIGMHF who did not have an ICD or CRTD implanted at baseline.?’

412Candi drag i @t i on variabl es

A broad spectrum of baseline variables (N=58) were assessedto identify

predictors for each mode of death separately; the variables included
demographics, clinical feathures of HF , medical history, treatment, 12-lead ECG,
routine biochemical tests and NT-proBNP (Appendix Table 5). A full set of

baseline variables were collected in most patients, and patients with missing
values (<5.0%) were excluded in this analysis (Appendix Table 5). No difference
was observed between the cohort with all baseline variables available and the

overall population (all p value s >0.7).

413Statistical analysi s

The prognostic influence of each candidate predict or on the cumulative
incidence of each mode of death was first assessed by aunivariate Fine -Gray

sub-distribution hazard s regression analysis!'® For each continuous variable,

123
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linearity was examined using the restricted cubic spline method. If the response

appeared nonlinear, certain cut -off values or tr ansformation were applied based

on the spline curves and clinical relevance. For categorical variables,

appropriate dummy variables were used. For each variable , the statistical
strength for predicting each ?waudsewithoohe de a
degree of freedom (the larger X2, the more powerful the predictor) . For each

outcome, univariate predictors significant at a p <0.20 level were entered into a
multivariable Fine -Gray model with a backward stepwise selection at the

exclusion p value of 0.05. The proportional sub -distribution hazards assumption

for the derived models was examined using time varying terms.

For each mode of death, an individual 8 sisk score was calculated as the sum of
each predictor value multiplied by its corresponding coefficient from the final
multivariable model. Model calibration was assessedby comparing the predicted
cumulative incidence curve with observed Aalen-Johansen estimator in each
quartile of the risk score (the closer the better) . Model discrimination was
assesgd by visually examining the distribution of each set of curves (the wider
the better) , together with by computingt h e Ha r stagidtid @hd C i@lex at

1, 2, and 3 year s counting for right censoring. %7

42 Resul t s

421Patient chaaadtmorsalcsy event s

This analysisincluded 7156 patients with HF -REF enrolled in PARADIGNHF after
excluding 1243 patients with an ICD or CRT-D at baseline. The average age was
63.7 years and 77% were men The mean LVEF was 29.9%most were in NYHA
class IFIII (predominantly in class Il [69.8%]) and the majority had an ischaemic
aetiology (58.7%). There was substantial use of guideline-recommended
medications including beta-blockers (92.4% and MRA (55.5%). The baseline

characteristics are shownin Table 4-1.

During a median 27 months of follow -up, 1344 death events occurred including
525 sudden deaths and 261 pump failure deaths . The corresponding annual rate s
for sudden death and pump failure death were 3.4 (95% CI 3.23.7) and 1.7 (95%
Cl 1.5-1.9) per 100 patient -years, respectively.



Chapter 4 125

Table 4-1 Baseline characteristics in PARADIGM-HF and ATMOSPHERE

PARADIGM-HF ATMOSPHERE
p value
(N=7156) N=5968
Age -years 63.7£11.6 63.1#12.1 0.01
Male sex - no. (%) 5492 (76.7) 4565 (76.5) 0.73
Race - no. (%) <0.001
White 4480 (62.6) 3659 (61.7)
Black 344 (4.8) 95 (1.6)
Asian 1480 (20.7) 1716 (28.9)
Other 852 (11.9) 460 (7.8)
Region - no. (%) <0.001
North America 275 (3.8) 81 (1.4)
Latin America 1372 (19.2) 1077 (18.0)
Western Europe 1423 (19.9) 1225 (20.5)
Central Europe 2625 (36.7) 1737 (29.1)
Asia or Pacific region 1461 (20.4) 1848 (31.0)
Body mass index 28.015.5 27.245.3 <0.001
Blood pressure -mmHg
Systolic 122.0415.4 124.4+18.2 <0.001
Diastolic 74.2+10.0 77.6£11.0 <0.001
Heart rate -beats/min 72.9#12.1 72.442.7 0.008
LVEF -% 29.916.1 28.845.5 <0.001
NYHA class - no. (%) <0.001
Il 4988 (69.8) 4030 (67.5)
1 1756 (24.6) 1718 (28.8)
v 54 (0.8) 56 (0.9)
Ischaemic aetiology - no. (%) 4204 (58.7) 3232 (54.2) <0.001
HF duration - no. (%) <0.001
within 1 year 2391 (33.4) 2229 (37.4)
>1-5 years 2781 (38.9) 2197 (36.8)
>5 years 1984 (27.7) 1538 (25.8)
Medical history - no. (%)
Current smoking 1008 (14.1) 741 (12.4) 0.005
Previous HF hospitalisation 4459 (62.3) 3490 (58.5) <0.001
Myocardial infarction 2919 (40.8) 2228 (37.3) <0.001
Angina 1944 (27.2) 1415 (23.7) <0.001
CABG or PCI 1951 (27.3) 1475 (24.7) 0.001
Hypertension 5101 (71.3) 3725 (62.4) <0.001
Diabetes 2406 (33.6) 1629 (27.3) <0.001
Atrial fibrillation 2621 (36.6) 2002 (33.5) <0.001
Stroke 596 (8.3) 419 (7.0) 0.005
Cancer 320 (4.5) 186 (3.1) <0.001
Asthma 249 (3.5) 179 (3.0) 0.12
COPD 876 (12.2) 625 (10.5) 0.002
PAD 610 (8.5) 461 (7.7) 0.10
Medication - no. (%)
Digoxin 2232 (31.2) 1940 (32.5) 0.11
Diuretics 5709 (79.8) 4713 (79.0) 0.25
ACEI or ARB 7156 (100.0) 4019 (67.3) <0.001
Beta-blocker 6610 (92.4) 5423 (90.9) 0.002
MRA 3969 (55.5) 2109 (35.3) <0.001
Any antiplatelet agent 3988 (55.7) 3251 (54.5) 0.15

Aspirin 3653 (51.0) 3021 (50.6) 0.63
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Anticoagulant 2173 (30.4) 1633 (27.4) <0.001
Statin 3796 (53.0) 2893 (48.5) <0.001
Pacemaker 513 (7.2) 358 (6.0) 0.007
CRT-P 136 (1.9) 107 (1.8) 0.65
12-lead ECG - no. (%)

QRS duration -ms 114.3131.6 114.5431.6 0.78
Atrial fibrillation 1866 (26.1) 1434 (24.3) 0.02
Bundle branch block 1965 (27.5) 1659 (28.1) 0.43
Left bundle branch block 1440 (20.1) 1245 (21.1) 0.18
Right bundle branch block 552 (7.7) 441 (7.5) 0.59

Q wave 1247 (17.4) 1108 (18.8) 0.05
Left ventricular hypertrophy 1423 (19.9) 1189 (20.1) 0.73

Laboratory measurement

eGFR <60 ml/min/1.73 m? - no. (%) 2462 (34.4) 1467 (24.6) <0.001
eGFR -ml/min/1.73 m? 68.8420.3 75.1424.7 <0.001
Creatinine -mg/dl 1.1040.29 1.0240.27 <0.001
BUN -mmol/L 7.212.9 7.212.9 0.09
Albumin -g/L 42.843.2 43.243.6 <0.001
Haemoglobin -g/L 139.4#16.2 137.4416.6 <0.001
Potassium -mmol/L 4.5110.48 4.4610.47 <0.001
Sodium -mmol/L 141.513.0 139.743.3 <0.001
Chloride -mmaol/L 103.913.4 103.843.6 0.24
Calcium -mmol/L 2.3240.11 2.3340.12 0.06
Total cholesterol -mmol/L 4.59+1.16 4.54+1.20 0.005
HDL-C -mmol/L 1.2440.37 1.2440.38 0.50
LDL-C -mmol/L 2.5840.95 2.52+1.00 <0.001
Triglyceride-mmol/L 1.71+1.18 1.75#.21 0.077
NT-proBNP -pg/mlf 1640 (888-3342) 1204 (630-2285) <0.001

TNT -proBNP measurements were available in 5408 (90.6%) patients in ATMOSPHERE.

422Deri vation of the model to predi

Table 4-2 lists the 25 most powerful predicti on variables for sudden death from
the univariate analysis in a descending order of predictive strength , and the top
5 variables were NT-proBNP, Asian race, LVEF, NYHA class and BMI. A total 010
variables were finally included in the multivariable model. Male sex, Asian race,
advanced NYHA class (IHIV vs. I-11), ischaemic aetiology, lower systolic BP, left
ventricular hypertrophy (LVH) on ECG, prolonged QRS duration and a higher NT-
proBNP level were independently associated with a higher risk of sudden death,
while prior CABG or PCI and a history of cancer were associated with a lower risk
of sudden death. There was no further trend for systolic BP with values >130
mmHg, for QRS duration with values <90 ms or >120 ms, or for log transformed
NT-proBNP with values <6 (equivalent to NT-proBNP around 400 pg/ml) (Figure
4-1).
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Table 4-2 Univariate and multivariable predictors for sudden death in PARADIGM-HF

Univariate analysis*

Multivariable model

SHR (95% CI) p value X2score  sHR (95% Cl) coefficient pvalue X2score
Log NT-proBNP -pg/mL (from 6), per 1 log unit increase 1.50 (1.38-1.62) <0.001 96.2 1.42 (1.31-1.54) 0.348 <0.001 70.4
Asian race vs. Caucasian race 1.71 (1.40-2.08) <0.001 28.5 1.54 (1.26-1.89) 0.434 <0.001 17.7
LVEF 25-35%, per 1% increase 0.95 (0.93-0.97) <0.001 195
NYHA class III/IV vs. I/l 1.48 (1.23-1.77) <0.001 17.6 1.35(1.12-1.64) 0.302 0.002 9.4
BMI 17-28 kg/m?, per 1 kg/m? increase 0.94 (0.92-0.97) <0.001 16.1
QRS duration 90-120 ms, per 5 ms increase 1.07 (1.03-1.10) <0.001 14.0 1.07 (1.04-1.11) 0.069 <0.001 154
Triglycerides up to 2.3 mmol/L, per 1 mol/L increase 0.74 (0.62-0.87) <0.001 14.0
Myocardial infarction history (yes vs. no) 1.35(1.14-1.61) 0.001 12.0
CABG or PCI (yes vs. no) 0.70 (0.56-0.86) 0.001 11.5 0.64 (0.51-0.81) -0.444 <0.001 14.5
Male vs. female sex 1.47 (1.18-1.85) 0.001 11.2 1.44 (1.14-1.81) 0.365 0.002 9.7
Cancer history (yes vs. no) 0.31 (0.16-0.63) 0.001 10.6 0.36 (0.18-0.72) -1.033 0.004 8.3
Left ventricular hypertrophy on ECG (yes vs. no) 1.36 (1.12-1.66) 0.002 9.5 1.29 (1.06-1.58) 0.257 0.013 6.2
Ischaemic aetiology (yes vs. no) 1.30 (1.09-1.56) 0.004 8.4 1.58 (1.30-1.93) 0.460 <0.001 21.2
Albumin 30-45 g/L, per 1 g/L increase 0.96 (0.92-0.99) 0.004 8.4
Haemoglobin A1C 5.7-12.0%, per 1% increase 1.09 (1.03-1.16) 0.004 8.3
Systolic BP up to 130 mmHg, per 5 mmHg increase 0.95 (0.91-0.98) 0.005 8.0 0.95 (0.91-0.99) -0.049 0.018 5.6
Black race vs. Caucasian race 1.69 (1.17-2.44) 0.005 7.9
Serum potassium up to 4.0 mmol/L, per 0.1mmol/L increase 0.92 (0.82-0.98) 0.006 7.4
Bundle branch block on ECG (yes vs. no) 1.28 (1.06-1.53) 0.009 6.9
Digoxin use (yes vs. no) 1.23 (1.03-1.47) 0.024 5.1
Beta-blocker use (yes vs. no) 0.73 (0.55-0.97) 0.031 4.7
LCZ696 vs. enalapril 0.83 (0.70-0.98) 0.032 4.6
Asthma history (yes vs. no) 0.51 (0.28-0.95) 0.033 4.5
Atrial fibrillation history (yes vs. no) 0.82 (0.68-0.98) 0.033 4.5
Left bundle branch block on ECG (yes vs. no) 1.23 (1.01-1.50) 0.043 4.1

*The 25 strongest prediction variables for sudden death from the univariate analysis are presented in a descending order of predictive strength.
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Figure 4-1 Histograms of systolic BP (A), QRS duration (B) and log NT-proBNP (C) and the
corresponding spline curves with the risk of sudden death in PARADIGM-HF
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423Derivation of the modeldetaot hpr e di

Table 4-3 shows the 25 strongest prediction variables for pump failure death

from the univariate analysis in a descending order of predictive strength, and

the top 5 variables were NT-proBNP, serum albumin, BUN creatinine and eGFR.
A total of 11 variables were included in the multivariable model, that is,  systolic
BP, advanced NYHA class, LVEF, ischaemic aetiology, longer history of HF
(diagnosed either >1-5 years or >5 years), bundle branch block on ECG, serum
albumin, creatinine and chloride, and N T-proBNP (log transformed). No further
trend was observed for systolic BPabove 130 mmHg, albumin below 30 or above
45 g/L, creatinine below 1.0 or above 2.5 mg/dl, chloride below 90 or above 106
mmol/L, and log transformed NT -proBNP below 6 (equivalent to NT-proBNP
around 400 pg/ml) (Figure 4-2).
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Table 4-3 Univariate and multivariable predictors for pump failure death in PARADIGM-HF

Univariate analysis*

Multivariable model

SHR (95% CI) p value X2score SHR (95% CI) coefficient p value X?score
Log NT-proBNP -pg/ml (from 6), per 1 log unit increase 2.00 (1.78-2.24) <0.001 142.3 1.61 (1.41-1.84) 0.477 <0.001 49.4
Albumin 30-45 g/L, per 1g/L decrease 1.16 (1.12-1.20) <0.001 62.7 1.10 (1.06-1.15) 0.100 <0.001 26.5
BUN 6-16 mmol/L, per Immol/L increase 1.17 (1.12-1.22) <0.001 546
Creatinine 1.0-2.5 mg/dL, per 0.1 mg/dL increase 1.15(1.10-1.19) <0.001 489 1.08 (1.03-1.13) 0.075 0.001 114
eGFR up to 60 ml/min/1.73 m2, per 1ml/min/1.73 m? increase 0.96 (0.94-0.97) <0.001 421
Serum chloride 90-106 mmol/L, per 1 mmol/L decrease 1.12 (1.08-1.16) <0.001  38.3 1.09 (1.06-1.13) 0.091 <0.001 24.3
HF duration >5 years vs. O 1 vy271(1.943.80) <0.001 34.0 2.58 (1.81-3.68) 0.948 <0.001 27.5
LVEF up to 40%, per 1% decrease 1.05 (1.03-1.07) <0.001  30.0 1.02 (1.00-1.04) 0.020 0.032 4.6
Haemoglobin 90-140 g/L, per 1 g/L increase 0.97 (0.96-0.98) <0.001 26.9
Systolic BP up to 130 mmHg, per 5 mmHg decrease 1.14 (1.08-1.21) <0.001 22.8 1.10 (1.04-1.17) 0.098 0.001 121
QRS duration 90-220 ms, per 5 ms increase 1.05 (1.03-1.06) <0.001 2238
Pacemaker implanted (yes vs. no) 2.29 (1.62-3.23) <0.001 22.0
Diastolic BP -mmHg, per 1 mmHg increase 0.97 (0.96-0.98) <0.001 19.7
Bundle branch block on ECG (yes vs. no) 1.72 (1.34-2.21) <0.001 185 1.45 (1.12-1.87) 0.369 0.005 8.1
Cardiac resynchronization therapy (yes vs. no) 2.96 (1.68-5.22) <0.001 141
Age 70-96 years, per 1 year increase 1.05 (1.02-1.08) <0.001 14.1
Serum sodium -mmol/L, per 1 mmol/L 0.93 (0.89-0.97) <0.001 1238
Digoxin use (yes vs. no) 1.56 (1.22-1.99) <0.001 12.4
Diuretics use (yes vs. no) 1.97 (1.35-2.88) <0.001 12.3
NYHA class II/IV vs. I/l 1.57 (1.22-2.03) 0.001 12.1 1.42 (1.08-1.86) 0.350 0.011 6.5
Ischaemic aetiology (yes vs. no) 0.66 (0.52-0.84) 0.001 114 0.70 (0.54-0.90) -0.357 0.005 7.7
Haemoglobin A1C -%, per 1% increase 1.11 (1.04-1.18) 0.001 10.4
Right bundle branch block on ECG (yes vs. no) 1.81 (1.26-2.59) 0.001 10.3
HF duration>1-5 years vs. O 1 year 1.73 (1.23-2.43) 0.002 9.9 1.73 (1.21-2.47) 0.549 0.003 9.1
Heart rate above 70 beats/min, per 1 beat/min increase 1.02 (1.01-1.03) 0.002 9.7

*The 25 strongest variables for pump failure death from the univariate analysis are presented in a descending order of predictive strength.



Figure 4-2 Histograms of systolic BP (A), serum creatinine (B), serum albumin (C), serum

chloride (D) and log NT-proBNP (E) and the corresponding spline curves with the risk of
pump failure death in PARADIGM-HF
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424Per formance of t he model s

As can be seen from Figure 4-3 the sudden death model was well calibrated: the
curves for observed Aalen-Johansen estimators and predicted cumulative
incidences were almost identical in each quartile of the risk score over time
based on the model. In addit ion, each set of the four curves were well
separated, indicating good discrimination. This was confirmed by a reasonable
val ue of slatistic ef 10.6843%% Cl 0.660.70) and C index of 0.67, 0.68
and 0.66 at 1, 2 and 3 years, respectively .

Figure 4-3 Observed vs. predicted cumulative incidence curves for sudden death by
guartiles of the risk score based on the sudden death model in PARADIGM-HF
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For the pump failure death model, the curves for the predicted cumulative
incidence agreed well with the corresponding observed ones by quartile s of the

risk score, suggesting good calibration (Figure 4 -4). The model appeared less

able to discriminate the lower two quartiles, but the model identified the

highest and the second highest quartiles which exhibited over 10 times and 3

times the risk of the lowest quartile at 3 years respectively. The excellent
discrimination was also quantified by C statisticswith Har r el | 6 s C of
0.76-0.82) and C index of 0.82, 0.79 and 0.76 at 1-, 2- and 3-year, respectively.
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Figure 4-4 Observed vs. predicted cumulative incidence curves for pump failure death by
quartiles of the risk score based on the pump failure death model in PARADIGM-HF
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There was some violation of proportional sub -distribution hazards assumption for
systolic BP (p=0.01) in sudden death model and for albumin (p=0.02) in pump
failure death model. When graph ically displaying the cumulative incidences by
tertile s of each predictor, the curves do not cross over time , suggesting that
while statistically significant this was not relevant to the performance of the
model (Figure 4-5).

Figure 4-5 Cumulative incidence curves for sudden death by tertiles of systolic BP (A) and
for pump failure death by tertiles of serum albumin (B) in PARADIGM-HF
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425Predicting an individual 6s ri

The multivariable models presented in Table 4-2 and Table 4-3 can be used to
calcul ate an individual 6s foripenip fakue death
respectively, by summing the products of the value and their corresponding
coefficient of each pred ictor from each model. Based on the obtained risk
scores, the corresponding cumulative incidence for each mode of death within 3
years can be estimated using the curves outlined in Figure 4 -6 and Figure 4-7.
These figures show the distribution of the risk scores for sudden death and pump
failure death and its association with the corresponding predicted cumulative

incidence by 3 years, respectively .

Figure 4-6 Distribution of the risk score for sudden death and its relation to the cumulative
incidence of sudden death within 3 years in PARADIGM-HF

.25
8-

.15

~.05

Percent of patients in each column
B
|
yieap uappns JO aduUaploul aAle|InwngD

3 4
Risk score of sudden death




Chapter 4 137

Figure 4-7 Distribution of the risk score for pump failure death and its relation to the
cumulative incidence of pump failure death within 3 years in PARADIGM-HF
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Given below is an example of using the derived models to calculate the
individual 6 sisk scores and cumulative incidences for sudden death and pump

failure death respectively.

Consider a white male patient, who has been diagnosed with HF of an ischaemic
cause for 2 years, with a LVEF of 30% and NYHA functional class lland a systolic
blood pressure 125 mmHg, who has previous PCI intervention and no other
comorbidities, with a QRS duration of 110 ms and no other abnormalities on
ECG, and with serum levels of albumin 40 g/L, chloride 96 mmol/L, creatinine

1.2 mg/dl, and NT -proBNP 750 pg/ml.

Based on Table 42, the risk score for sudden death is 0.365 + 0.460 -0.444 +
(125/5)*(-0.049)+ 110/5*0.069 +In(750)*0.348 =2.978. Figure 4-6 indicates that
this patient is at low risk for sudden death with a probability of 3.5%by 3 years.

Based on Table 43, the risk score for pump failure death is (130 -125)/5*(0.098)
+(40-30)*0.020 -0.357 +0.549+1.2*10*0.075 +(4540)*(0.100) +(106-96)*(0.091)
+In(750)*0.477 = 5.958. Based onFigure 4-7, this patient is at low risk for pump
failure death with a probability of 2.6% by 3 years.
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43 Di scussi on

| developed prognostic models to predict the risks of sudden death and pump
failure death separately, using a competing risk analysis approach, in patients
with HF-REF enrolled in PARADIGMHF, the largest and most contemporary
positive trial in H F. Both derived models demonstrated good discrimination and

calibration.

The clinical benefits of quantifying the risk of mode-specific death in individual
patients with HFREFhave been discussed and there already exist several
predictive models for sudden death and pump failure death in HF as summarised
in the Chapter 1 Introduction and literature review . However, they all have
limitations and none has gained widespread acceptance in current clinical
practice. Earlier models were developed before the widespread use of modern
guideline recommended therapies including beta-blockers and MRAS®: 9% %4 More
recently, separate risk models for mode-specific death were developed in
patients with HF and unspecified left ventricular function  in the MUSIC study ’®
Although the models exhibit ed excellent discrimination for both sudden death
and pump failure death with C statistics of 0.77 and 0.80 respectively, they were
based on few events (90 sudden deaths and 123 pump failure deaths) and narrow
spectrum of candidate predictors. Predictive m odels for sudden death and pump
failure death were also developed in the cohort randomised in CORONAwhere
only patients with an ischaemic aetiology we re included ;"8 additionally ,

routinely collected variables such as serum chloride and albumin were not
examined. Investigators of the HF -ACTION trial only evaluated the incremental
prognostic values for mode -specific death gained from new biomarkers, i.e. NT -
proBNP, galectin-3 and soluble ST2 in addition to a clinical model for all -cause
death in the same cohort developed previously.4? 143 No predicti ve model or risk
score was provided and over 46% of the patients in HF-ACTIONhad an ICDat
baseline. Importantly, none of the se models aforementioned has accounted for

the prognostic influence of the competing risk of death from ot her causes

The models | developed here have particular strengths. First, t hey were
constructed in a large contemporary HF population with a great number of
patients having received modern guideline-recommended medication s. Besides,

the cohort was geographically and ethnically diverse, indicating these models
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potentially can be generalisable to a broad range of modern patients with HF -
REF. Secondly a wide variety of candidate variables, which are currently
assessed in clinical practice, were examined including demographics, clinical

assessment,medical history, treatment, ECG, routine biochemical tests and NT

proBNP. Thirdly, death from other causes was counted as a competing risk
instead of non-informative censoring, which can diminish its bias on th e

prognosis of each mode of death. 113

Each model has included some variablesthat have been previously identified to
estimate prognosis for sudden death, such as male sex,’® NYHA class? 144
ischaemic aetiology ,° %6 systolic BP® and NT-proBNP,’® 7® and for pump failure
death such as LVEF? 7° NYHA class’® systolic BP,”® creatinine, % albumin4> and
NT-proBNP,® 7° respectively. Although LVEF is a well-known prognostic factor
for sudden death and has been used asa key criteri on for selecting ICD
recipients, 3 146 it was not i ndependently associated with the risk of sudden
death. This observation may reflect the relatively narrow range of LVEF in
patients enrolled in PARADIGMHF and, possibly, the inclusion of NT-proBNP, a
related and more powerful predictor . This analysis also showed that Asian race
was associated with a 50% higher risk of sudden death compared to other
ethnicities (predominantly white). The reason for this is unknown, and a part
from the difference in the clusters of b aseline prognostic factors, it is possible
due to an underlying genetic predisposition across races (e.g. the prevalence of
atrial fibrillation is lower among Asians than Western caucasiang.!4’ LBBB has
been reported as a risk factor of sudden death,”® %6 but | found other ECG
parameters, i.e. LVH and prolonged QRS duration (within a cut -off value of 120
milliseconds above which there was no further trend) were more po werful and
thus included in the multivariable model.  Findings from previous studies have
shown that both LBBB and RBBB were associated with a higher risk of pump
failure death (somewhat stronger with RBBB.1*® This was also the case in this
analysis. The combination of LBBB and RBBB (namely BBB) increased the
prediction power and thus were included in the multivariable model.  Serum
chloride was identified as a more powerful predictor than sodium for pump
failure death , standing in contrastto the SHFM andhe MUSIC risk score in which
hyponatremia was a key component.”® 191 Of note, serum chloride levels were

not analysed in these models. When both being assessed simultaneously, the
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superiority of serum chloride over sodium in prognosis prediction was observed
as reported previously. 14% 150 The mechanism of higher prognostic value of serum
chloride than sodium in predicting pump failure death is uncertain, and one
possble explanation is that decongestive therapies such asloop diuretics lead to
electrolyte wasting, while may limit reabsorption of chl oride more potently than
sodium, in other words, serum chloride may serve as a better surrogate for
decongestive therapy use and intensity. Besides, chloride also serves as one of
the major charge-balancing anions in the serum along with bicarbonate and
albumin, and hypochloraemia may be associated with the patho physiological
states of high serum bicarbonate, low potassium and albumin. 151 152 Surprisingly,
neither model included age or diabetes, two well -established risk factors in HF.
This may reflect that advanced age and diabetes are not exclusively related to
sudden death and pump failure death , but also associated with death from other
CVor non-CV causes, thus their prognostic value failed to maintain when using

competing risk approach.

There were some limitations in this analysis. First, these models were
constructed in patients from a clinical trial  ratherthanin a 0 rweoarll d 6 , c o h ¢
in other words , patients tended to be healthier, have less co -morbidity and
receive more and higher doses of evidence-based treatment . However, it is in
patients similar to those in this analysis that ICDs are most clearly indicated.
Secondly, in line with previous findings ,’% 8 the sudden death model was less
discriminative than the pump failure death model. This suggeststhat there is a
need for improvement in the prediction of sudden death. Some variables had
been identified predictive of sudden death, but were not available in most
patients in PARADIGMF such asechocardiographic parameters, 24 -h Holter
monitoring, ’° and other biomarkers, e.g. apolipoprotein A -1,78 ST2 and galectin-
3.143 The addition of these predictors may further improve the model
discrimination ability . Nevertheless, these parameters are not available in
routine clinical practice ; therefore, even if the ir addition improves model
discrimination, it remains to be examined if the addition would improve the
decision making to a degree that would justif y the additional costs and
complexity. Thirdly, in a given patient , the mode of death can be changed by
implanting a defibrillator . Although patients with a defibrillator at baseline were

excluded, | cannot rule out the potential confounding influence of ICDs
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implanted after randomisation, although there were few such cas es (2.7%)
Lastly, even if mode -specific death were appropriately classified and accurately
estimated, a difference may still lie in between the predicted risk  and the

response to treatment.

4.4 Summary

The prognostic models developed can separately estimate the risk s of sudden
death and pump failure death with good discrimination and calibration in the
derivation cohort of patients with HF -REF.In the next chapter, | will validate
both models externally in ATMOSPHEREIf both models remain robust in
validation, they may be useful in risk stratif ication for mode -specific death,
which aid decision making in device therapies and help with the selection of

patients for specific interventions in future trials.
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Chapter5 Val i dambdetyer edsuwcdden
death and pump f a-RE&re dea

In this chapter | will separately examine the performance of the prognostic
models for sudden death and pump failure death derived from PARADIGMHF by
external validation in ATMOSPHERE. | will also exame the model performance
of the Seattle Heart Failure Model (SHFM$* and Seattle Proportional Risk Model
(SPRM)™“ developed in a historic population in which beta-blockers and MRAs
were not widely used, in the contemporary PARADIGMHFand ATMOSPHERE
cohorts. Validation will be performed by fitting a univariate regression analysis
on the risk score which is the sum of the products of predictor coefficients from
the derivation model and its corresponding predictor values in the validation
cohort. For consistency, the same regression approach (i.e. Fine -Gray competing
risk, Cox proportional hazard s or logistic regression) in t he model derivation

process will be correspondingly used in the validation process .

51 Met hods

51.1The prognostic models to be val:i

Validation was undertaken for the sudden death model derived from PARADIGM -
HF which consisted of 10 prediction variab les including sex, Asian race, systolic
BP, ischaemic aetiology, NYHA class, cancer history, prior CABG or PCI, left
ventricular hypertrophy on ECG, QRS duration and NT-proBNP; for the pump
failure death derived from PARADIGM-HF including systolic BP, NYHAclass, LVEF
ischaemic aetiology, HF duration (>1-5 years and >5 years), bundle branch block
on ECG, serumalbumin, creatinine, chloride and NT-proBNP; for SHFM which
included age, sex, NYHA class, 100/LVEF, ischaemic aetiology, systolic BP,
weight-adjusted diuretic dose, allopurinol, statin, sodium, 100/cholesterol,
haemoglobin, percent lymphocytes, uric acid, ACEls, beta-blockers, ARBs, k
sparing diuretics and devices; and for the SPRM which consisted of age, sex,
LVEF, NYHA class, systoli@P, BMI, a history of diabetes, digoxin use, and serum

creatinine and sodium (Appendix Table 6 and Appendix Table 7). 74 8

142
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512The valcdhor oas

After excluding patients with an ICD or CRTD at baseline, p atients enrolled in
ATMOSPHERE (N=596&8hd patients in PARADIGMHF (N=7156) comprised the
two validation cohorts. ¢ 27 The sudden death model and pump failure death
model derived from PARADIGMHF were validated in the ATMOSPHERE cohort. All
predicti ve variables were available in most patients (missing observations <3%)
except NT-proBNP ©.4%missing); accordingly, the sudden death and pump
failure death models were validated in 5234 (87.7%) and 5356 (89.7%) patients in
ATMOSPHERE respectively, using theomplete case analysis approach (Appendix
Table 6). The SHFM model was validated both in PARADIGMHF and
ATMOSPHERE, ardll prediction variables were available in most patients
(missing observations (6%) except weight-adjusted diuretic dose (21.1% missing
in PARADIGMHF and 22.8% missing in ATMOSPHERE), leaving 5320 (74.3%)
patients in PARADIGMHF and 4223 (74.1%) in ATMOPHERE for validation. All
prediction variables for the SPRM were available in most patients (missing
observations <2%) in PARADIGMF and ATMOSPHERRith corresponding 7007
(98.9%) and 5951 (99.7%) patients with complete data included in the validation
(Appendix Table 7).

51.3St ati stical analysi s

For each model to be validated, an individual 6 sisk score was calculated as the
sum of predictor coefficients from each derivation model multiplied by its
corresponding predictor values in the validation cohort. The obtained risk score
of each model was fitted into a regression model using the same approach as the
model derivation procedure for consistency, and model performance was
examined using the same approach as the derivation procedure for valid

comparison.

To validate the models to predict sudden death and pump failure death derived
from PARADIGIVHF, the individual 6 sisk score for each mode of death was fitted
into a univariate Fine -Gray regression analysis.''® Model calibration was
examined by comparing the predicted and observed cumulative incidence s over
time in each quartile of the risk score. Model discrimination was examined by

visually evaluating the distribution of each set of cumulative incidence curves,
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as well as by calculating t h e Ha r statidtid @nd C iddex at 1-, 2-, and 3-

year accounting for right censoring.?’

To validate the SHFMthe same risk score was fitted into a Cox proportional
hazards model for sudden death, pump failure death and all -cause death,
respectively.8#The discrimination ability was
statistic , and the calibrati on was examined by comparing the observed Kaplan-
Meier survival estimator with the predicted event free probability (based on Cox

model for consistency) in each quartile of the risk score.

To validate the SPRMa logistic regression analysis was fitted fo r sudden death
and the discrimination was examined using the ROC AUC at 1 year an equivalent
t o Har r’dn the &ane @per, a bi -modal system was proposed to provide
individual estimates of the proportion of mortality due to sudden death for any
given SHFM estimaed mortality rate, which intended to identify the subset of
patients who were at a disproportionately higher risk of sudden death but a

lower absolute rate of dying from other causes, i.e. presumably benefit most
from an ICD 74 This bimodal system, which consisted of the SPRM for the
proportion of sudden death relative to total mortality —and the SHFM for the
absolute 1-year all-cause mortality rate, was also validated in the PARADIGM-HF
and ATMOSPHERE cohorts.

e X
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52Resul t s

521Paticemar acteristiicse ABWHEREN(Ser
PARADI-IGM)

A total of 5968 patients with HF-REFin ATMOSPHERE&bmprised the validation
cohort after excluding 1048 patients with an ICD or CRT -D at baseline. As can be
seen from Table 4-1, the patient characteristics at baseline in ATMOSPIERE
were similar, for the most part, to PARADIGMHE predominantly male, mean

age of 63 years, similar pattern of NYHA class distribution (mainly class 1), over
half with an ischaemic cause of HFand a very high use rate of beta-blockers
(>90%) However, some differences were also noted. Compared to PARADIGMF,
ATMOSPHERIad a higher proportion of Asian patients (29%vs. 21%) but a
smaller proportion of patients with a history of hypertension  (62%vs. 71%) or
diabetes (27%vs. 34%).Mean serum creatini ne level was lower in ATMOSPHERE
than in PARADIGIVHF (1.02 mg/dl vs. 1.10 mg/dl). C orrespondingly, the
proportion of patients with renal dysfunction (eGFR<60 mL/min/1.73m?) was
lower in ATMOSPHERE than in PARADIGHF (25%vs. 35%). Notably, substantially
fewer patients were treated with a MRA in ATMOSPHERitBan in PARADIGMVHF
(35%vs. 55%), and the median plasma NT-proBNP level was much lower in
ATMOSPHER&mpared to PARADIGVHF (1204 pg/ml vs. 1640 pg/ml) .

In ATMGBRHERE ther e were 1644 death events including 607 sudden deaths and
305 pump failure deaths over a median 37.7 months of follow -up. The annual
rate of mode-specific death was identical to PARADIGVHF, at 3.4 (95% CI 3.1
3.7) per 100 patient -years for sudden death and 1.7 (95% CI 1.51.9) per 100
patient -years for pump failure death.
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522Val i dati mnded st iheed fromHPARADI G

As shown in Figure 51, the distribution of the risk score for sudden death in
ATMOSPHEREas almost identical to PARADIGMHF, with a mean + standard
deviation of 3.4 + 0.6 and 3.5 £ 0.6, respectively.

Figure 5-1 Distribution of the individual risk score for sudden death in ATMOSPHERE (A)
and PARADIGM-HF (B)

Each figure shows the distribution of the risk score based on the box plot (the upper) and the
histogram (the lower).
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Likewise, the distribution of the risk score for pump failure death in
ATMOSPHERE agreed well with that in PARADIGMF (5.6 + 0.9 vs. 5.8 £ 0.9)
(Figure 5-2).

Figure 5-2 Distribution of the individual risk score for pump failure death in ATMOSPHERE
(A) and PARADIGM-HF (B)

Each figure shows the distribution of the risk score based on the box plot (the upper) and the
histogram (the lower).
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For the sudden death model, discrimination ability in ATMOSPHER®&as equally

good as in PARADIGMIFwi t h a Harrell 6s @.7@&ndCG-inde8 ( 9
of 0.70, 0.69 and 0.68 at 1 year, 2 years and 3 years, respectively. Figure 5-3

shows the predicted and observed cumulative incidence curves by quartile s of

the risk score in ATMOSPHERE. Each sef the observed and predicted curves

was well separated between the neighbouring quartiles, visually confirming the
discrimination ability concluded above. Moreover, each pair of the observed and

predicted cumulative incidences in each quartile was fairly ¢ lose over time

except in the highest one, where the validation model under -estimated the risk

of sudden death consistently over time.

Figure 5-3 Observed vs. predicted cumulative incidence curves for sudden death by
quartiles of the risk score in ATMOSPHERE

2 e Obeserved based on Aalen-Johansen estimators
Predicted based on sudden death model from PARADIGM-HF ... 4

Cumulative incidence of sudden death

Years since randomization
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For the pump failure death model, there was a slight decrease in discrimination
ability when validated in ATMOSPHEREHut it remained excellent with a
Harrell ds C of -008)an8 C-iandeso¥).78,10.760andDZ3 at 1 -, 2-
and 3-year respectively. As presented in Figure 5-4, both the observed and
predicted cumulative incidence curves were widely separated by quartile s of the
risk score in ATMOSPHERE. Besides, the figure shows that the modeivas well
calibrated in validation: the predicted cumulative incidence curve agreed well

with the observed one in each quartile of the risk score , apart from the highest
quartile where an under -estimation for pump failure death was observed in the

early period of follow -up.

Figure 5-4 Observed vs. predicted cumulative incidence curves for pump failure death by
quartiles of the risk score in ATMOSPHERE

.15+

Obeserved based on Aalen-Johansen estimators
Predicted based on pump failure death model from PARADIGM-HF

Cumulative incidence of pump failure death

Years since randomization

523Val i dati on wolffMCsSSHPHHMaRE PARABF GM

As can be seen from Table 5-1, there were some similarities in baseline

characteristics between the SHFM cohort and the contemporary PARADIGMHF
and ATMOSPHERE cohorts including the proportion of men, the distributions of
age, serum sodium, haemoglobin, uric acid and lymphocyte percent . However,

some notable differences were also observed: the SHFM cohort included patients
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with mixed left ventricular dysfunction, while the contemporary cohorts only

included patients with HF -REF, although the average LVEF wa similar; the

proportion of patients with advanced NYHA class (Il -1V) was higher in the SHFM

cohort than the two contemporary cohorts, this was also the case for the

proportion of patients with an ischaemic aetiology; the

having received potassium sparing diuretics, statins or, in particular,

proportion of patients

beta-

blockers were much higher, while the average cholesterol and creatinine levels

were somewhat lower in the contemporary cohorts, compared to the SHFM

cohort.

Table 5-1 Baseline characteristics in the SHFM cohort and in ATMOSPHERE and

PARADIGM-HF
SHFM ATMOSPHERE PARADIGM-HF
(N=10538) (N=5968) (N=7156)

Age -years 65 (18-96) 63 (19-95) 64 (18-96)
Male sex (%) 76 76 77
NYHA class (%)

1] 49 67 70

Il 37 29 25

\Y 14 1 1
LVEF -% 28 (1-75) 29 (5-35) 30 (5-42)
Ischaemic aetiology (%) 62 54 59
Systolic BP -mmHg 125 (70-210) 124 (85-200) 122 (90-188)
ACEI (%) 80 67 89
ARB (%) 39 1 61
Beta-blocker (%) 31 91 92
K-Sparing diuretic (%) 13a 36 56
Allopurinol (%) 8b 7 9
Statin (%) 25 48 53
Serum sodium -mmol/L 140 (120-175) 140 (110-154) 141 (116-159)
Creatinine -mg/d| 1.3 (0.1-8.2) 1.02 (0.1-3.2) 1.10 (0.2-3.7)
Cholesterol -mg/dl 201 (33-600) 175 (54-451)c 178 (65-572)f
Uric acid -g/dl 7.3 (0.1-20) 7.4 (1.6-16.6) 6.8 (0.3-17.1)g
Haemoglobin -g/dl 13.8(5.0-21.1)  13.7 (5.6-22.9)d  13.9 (6-20.1) h
Lymphocyte -% 25 (1-91) 27 (3-76)e 28 (3-87)i

The letter denotes the number of patients with data available: a=9775 (92.8%), b=5617 (53.3%),
¢=5759 (96.5%), d=5928 (99.3%), e=5920 (99.2%), f=6995 (97.8%), g=6996 (97.8%), h=6927
(96.8%), i=6800 (95.0%). Data were presented as mean (range) or proportion in consistent with
the data shown in the SHFM cohort from the paper by Mozaffarian D et al 2007.84

During a mean 1.6 years of follow up, there were 2014 death events including

1014 sudden deathswith an annual rate of 6.1 per 100 patient -years and 684

pump failure deaths with an annual rate of 4.1 per 100 patient

cohort, nearly double those in the validation cohorts.

-years in the SHFM
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The SHFMhad good discrimination for sudden death with a 1-year C statistic of
0.68 (95% CI 0.650.70) in the original cohort. However, when using SHFM to

predict sudden death in the contemporary cohorts, its discrimination ability
decreased in ATMOSPHERE and particularly in PARADIGINF, with the

corresponding C statistics of 0.62 (95% CI 0.580.66) and 0.55 (95% CI 0.520.59)

at 1 year, respectively (Table 5-2).

Table 5-2 Discrimination ability of SHFM in the validation cohorts (versus the derivation

cohort)

Derivation cohort

ATMOSPHERE

PARADIGM-HF

Sudden death
1 year
3 years

Overall

Pump failure death

1 year

3 years

Overall
All-cause death
1 year

3 years

Overall

0.68 (0.65-0.70)

0.85 (0.83-0.87)

0.73 (0.71-0.74)

0.62 (0.58-0.66)
0.63 (0.60-0.66)
0.63 (0.60-0.65)

0.69 (0.62-0.76)
0.64 (0.59-0.68)
0.64 (0.60-0.67)

0.64 (0.61-0.67)
0.62 (0.60-0.64)
0.62 (0.60-0.63)

0.55 (0.51-0.59)
0.57 (0.54-0.60)
0.57 (0.54-0.60)

0.70 (0.65-0.75)
0.67 (0.63-0.70)
0.67 (0.63-0.70)

0.60 (0.58-0.63)
0.60 (0.59-0.62)
0.60 (0.59-0.62)

Results are presented as values of Harrelld s

C (95%

confidence

interval)

The SHFMhad excellent discrimination for pump failure death with a 1-year C

statistic of 0.85 (95% CI0.83-0.87) in the original cohort.

When it was used to

predict pump failure death in ATMOSPHERHSs discriminati ve ability declined
substantially by 0.16 with a 1-year C statistic of 0.69 (95% CI 0.62-0.76). A
similar size of decrease in discrimination was also observed when validated in
PARADIGMF (Table 5-2).

Given that the SHFM was originally designed to predict all -cause mortality, | also
examined its discrimination for all -cause death in ATMOSPHER&nd PARADIGM
HF. Compared to its derivation cohort (C statistic 0.73, 95% CI 0.710.74), the

discrimination ability at 1 year

was much lower either in ATMOSPHERE (0.64, 95%
CI1 0.61-0.67) or in PARADIGMF (0.60, 95% CI 0.580.63) (Table 5-2).

Surprisingly, the calibration ability was good when predicting sudden death,

pump failure death or all -cause deah either in ATMOSPHERgigure 5-5) or in
PARADIGMF (Figure 5-6).
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Figure 5-5 Observed vs. predicted probabilities for sudden death, pump failure death and all-cause death by quartiles of the SHFM risk score in

ATMOSPHERE
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Figure 5-6 Observed vs. predicted probabilities for sudden death, pump failure death and all-cause death by quartiles of the SHFM risk score in

PARADIGM-HF
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524Val i datSIiPRiM@oIfTMOSPHEBRE PARABF GM

There were 9885 patients with HF in the cohort for the derivation of SPRM.

Table 5-3 shows some baseline characteristics in the SPRM cohort and in the
validation cohorts of ATMOSPHERENd PARADIGMHF. The mean age, propor tion
of men, and proportions of patients with an ischaemic aetiology and a history of
diabetes were largely similar across these cohorts, but some differences were
observed. Compared to the two validation cohorts, the SPRM cohort tended to
have worse cardiac function, i.e. lower mean LVEF and a higher proportion of
patients with NYHA class IlI-IV symptoms, and worse renal function, but had a
much lower average level of NT -proBNP. The rate of use of statins, and, in
particular, beta-blockers was much lower while digoxin use was much higher in

the SPRM cohortthan in the validation cohorts.

Table 5-3 Baseline characteristics in the SPRM cohort and in ATMOSPHERE and
PARADIGM-HF

SPRM ATMOSPHERE PARADIGM-HF
(N=9885) (N=5968) (N=7156)

Age -years 64415 6312 64+12
Male sex -no. (%) 7806 (79.0) 4565 (76.5) 5492 (76.7)
BMI 26.545.3 27.245.3 28.045.5
LVEF -% 27+1 2916 306
Systolic BP -mmHg 12125 124+18 122+15
NYHA class -no. (%)

I 5071 (51.3) 4030 (67.5) 4988 (69.8)

1] 3436 (34.8) 1718 (28.8) 1756 (24.6)

v 1378 (13.9) 56 (0.9) 54 (0.8)
Ischaemic aetiology -no. (%) 5512 (55.8) 3232 (54.2) 4204 (58.7)
Diabetes -no. (%) 2591 (26.2) 1629 (27.3) 2406 (33.6)
Digoxin -no. (%) 6627 (67.0) 1940 (32.5) 2232 (31.2)
Statin -no. (%) 2464 (24.9) 2893 (48.5) 3796 (53.0)
ACEI or ARB -no. (%) 9533 (96.4) 4019 (67.3) 7156 (100)
Beta-blocker -no. (%) 4616 (46.7) 5423 (90.9) 6610 (92.4)
Diuretic dose -mg/kg 0.5040.83 0.62#0.57b 0.6640.69d
Serum sodium -mmol/L 14013 14043 14243 e
Creatinine -mg/dl 1.2140.3 1.0240.27 1.1040.29
NT-proBNP -pg/ml 895+1616 a 1934+2519¢ 2964#121

The letters denote the number of patients with data available: a=4028 (40.7%), b=4606 (77.2%),
€=5408 (90.6%), d=5652 (79%), e=7026 (98.2%).

Data were presented as mean tstandard deviation or number (percent) in consistent with the data
shown in the SPRM cohort from the paper by Shadman R et al 2015.74

155
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There were 2552 death events during a mean 28 months of follow up in the SPRM
derivation cohort, including 1225 sudden deaths with an annual rate of 4.2 per

100 patient -years.

The SPRM was designed to predict the proportion of sudden death relative to
total mortality other than the absolute risk. Overa I, the model over -estimated
the proportion of death sthat were sudden in ATMOSPHERIPpredicted vs.
observed proportion s were 53.6% vs.36.9% as well as in PARADIGMF (52.5% vs.
39.1%) A decrease in discrimination ability was observed when applyingitt o
ATMOSPHER&d PARADIGM{F (1-year ROC AU®.54 and 0.57, respectively ),
compared to 0.64 in the derivation cohort of SPRM . As can be seen from Figure
5-7, using a threshold of 42% of proportion of mortality due to sudden death and
25% of year mortalit y rate (used by the SPRMnvestigators to identify patients
most likely to benefit from an ICD) , this bimodal system allocated the majority
patients to the upper left quadrant , low risk of mortality which was primarily
attributable to sudden death, either in ATMOSPHERE (81.5%) in PARADIGMHF
(79.5%) In other words, this model predicted that most patients would have an

indication for ICD.

Figure 5-7. Validation of Seattle Proportional Risk model in ATMOSPHERE (A) and in
PARADIGM-HF (B).
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An annual all-cause mortality rate of below 25% and a predicted proportion of mortality due to
sudden death of over 42% were used to identify the subset of patients in the left upper quadrant
who are assumed to benefit most from ICD (according to the Seattle Proportional Risk model).
Data were available for calculating the risk scores of SHFM and SPRM in 4417 (74.0%) patients
in ATMOSPHERE (Panel A) and 5320 (74.3%) patients in PARADIGM-HF (Panel B).

53Di scussi on

| externally validated the prognostic models for sudden death and pump failure
death derived from PARADIGMHFin ATMOSPHERE. Generally, the discrimination
and calibration ability of both models developed in PARADIGM -HF were good and
robust in ATMOSPHERE. | also examined the model pgormance of the SHFMand
SPRMn the contemporary PARADIGMHF and ATMOSPHERE cohort®espite
reasonable calibration, the SHFM had a large decrease in the discrimination

ability to predict sudden death, pump failure death and even all -cause death in
both modern cohorts. The SPRM showed poor discrimination and calibration, and
assigned most patients into the category who had a low mortality but primarily
due to sudden death, i.e. meriting ICD implantation , in both contemporary

cohorts.
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531What I s eaxltiedrantail o nv?

Validation refers to examining the performance of a predefined model (identical
predictors and their coefficients) in an independent cohort, other than repeating
the whole modelling process in new data, or re -estimating the effects of
predictors from the original model in new data. The latter two approaches

would lead to new models, and therefore, would themselves need external
validation. 72 It is noteworthy that external validation is not exclusive to newly
developed models, but also can be carried out in existing models developed in a

historic population since which treatment or prognosis has la rgely changed.%3

Discrimination and calibration are two key aspects of evaluating and thus
validating model performance. Discrimination is the ability to separate patients
with differ ing prognosis Patients predicted to be at greater risk should have
higher event rates than those estimated to be at lower risk. Calibration
examines the prediction accuracy, i.e. the agreement between the predicted

and observed risks. Sometimes a model may systematically over-/under -predict
the risk (poor calibration), but it may separate well between patients with high
and low risks (good discrimination) . The model may be still useful in risk
stratification if the incompetence in calibration can be improved by
recalibration strategies.’? 15 On the other hand, a model with poor
discrimination assigns patientsto a high or low risk similar to a random guess : a
low-risk patient may be predicted at high risk, leading to unnecessary
treatment, and a high -risk patient may be predicted at low risk, which would
result in missed treatment. Moreover, the poor discrimination cannot be altered
with post -modelling techniques. Therefore, a model with poor discrimination
would have little clinical value in risk stratification , regardless of its calibration
ability .72

532Why i s external wvalidation neces

The performance of a prognostic model is generally bette r in the derivation
cohort than in a new cohort. It is possible that a promising prediction model
performs poorly outside the derivation cohort. Therefore, it is of fundamental
importance to verify the robustness and generalisability of a newly-developed

model in one or more independent cohorts before it can be considered for use to



Chapter 5 159

inform prognosis for a wide range of patients in clinical practice. °°In a way,
external validation can be regarded as a pilot trial of applying a model to target
populations, and good performance in validation may serve as a reassurance for
the consideration of model use. On the other hand, a poor performance could
suggest further means of improvement for a derived model. If a model appears
poorly calibrated (under-/over -prediction) in the validation cohort , the model
should be recalibrated before it can be considered for use in similar  populations;
otherwise, an under-prediction would lead to appropriate patient s missing out
on certain benefici al treatment s, while an over-prediction would result in
inappropriate patients receiving certain treatment swhich are unnecessary. If a
model has poor discrimination in v alidation, further improvement in the original
model should be made, such as adding potential interaction between predictors,
including more advanced forms of association between continuous predictors and
outcomes, and including more powerful predictors . If not, patients would be
wrongly assigned to a high or low risk , and a poorly discriminatory model would

have little clinical value in risk stratification.

Due to a lack of cohorts besides those used for model derivation , internal
validation has beencommonly used as analternative .1°2 However, internal
validation is no substitute for external validation. Because this approach is
neither statistically efficient since cross -validation and split -sampling techniques
typically make a sacrifice of the cohort size for model derivation and use sma ller
cohorts (and numbers of events) for model validation, nor methodologically

sound given that there is no material difference between derivation and

validation cohorts other than randomly by chance, thus no guarantee for

generalisability. 15°

5.33Val i dati on of mopedisf ifordareotdle
PARADI-I&M

When validating in ATMOSPHERE, the discrimination ability maintained for the
sudden death model but slightly decreased for the pump failure death model
derived from PARADIGMHF. Nevertheless, in absolute terms, the discrimination
ability was moderate for the sudden death model with C -statistic slightly below
0.7, but excellent for p ump failure death model with C -statistic around 0.75.

Although both models were well -calibrated in the validation cohort, there was a
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slight under-prediction in the highest quartile . If the models were used to guide
decision making in device therapy, it may lead to appropriate patients missing
out on device therapy , since patients with a high risk may be predicted to have a
lower risk below the threshold for the indication of device therapy . Although a
decrease in performance in validation is conceivable, t he reason for the
decrease is uncertain. However, it is unlikely caused by the difference in the
baseline risk between the derivation and validation cohorts, since both cohorts
were from clinical trial setting  with similar eligibility criteria  and reflected
similar treatment strategies with in nearly overl apped study periods, and
consequently the corresponding incidences for mode -specific death were almost
identical . One possible explanation is the variation in the distribution of
individual predictor values between cohorts. For example, compared to
PARADIGMHF, NT-proBNP, the most powerful predictor in both models, was
systematically lower in ATMOSHERE and this was also the case for serum
creatinine, a predictor for pump failure death ; while the prevalence of Asian
race, a predictor for sudden death, was higher in ATMOSPHERE.This variation
may result in a mixed contribution of individual predictors to the overall risk
score, which may cumulatively lead to a difference in the model performance,
even if the underlying predictor effects were consistent.  Another possibility is
the inconsistency in the underlying predictor effects between the derivation and
validation cohorts , since | cannot rule out there ma y exist unexamined
interactions between covariates or more complicated relationship s between
covariates and the outcome. Nevertheless, the sudden death and pump failure
death models remained robust when externally vali dated in the similar
population, and t hese models can be considered for use in risk stratification and

aiding decision making in device therapy.

534Val i datSH&MM ofn t he modern cohort s

The SHFMwas reported to have good discrimination for sudden death and
particularly for pump failure death comparable to the models | developed in
PARADIGMHF. When applied to the contemporary PARADIGMHF and
ATMOSPHER&bhorts, the SHFMwas well -calibrated, but had a substantial
decrease in discrimination in either cohort. The reason for the decrease in
discrimination is unknown , and one possible explanation is that the baseline risks

for mode -specific death in the contemporary cohorts were in the lower
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spectrums of the risks in the SHFM derivation cohort, i.e. narrower but within

the spectrums, leading t o less separated prognosis but within the prediction
range for the contemporary cohorts. As can be seen where the annual rates for
sudden death and pump failure death were 3.4 and 1.7 per 100 patient -years
respectively in the modern validation cohorts, and the corresponding rates were
much higher as 6.1 and 4.1 per 100 patient -years respectively in the SHFM
derivation cohort. The decrease in discrimination and maintenance in calibration
were also observed in the original SHFM for all-cause death, in which g ood
agreement between the observed and predicted mortality was observed in the
derivation as well as 5 validation cohorts, but the 1 -year ROC AUC ranged from
0.68 to 0.81 across these cohorts with different case -mix variations. %! In the
derivation cohort, t he SHFMwas significantly less discriminatory for both sudden
death and pump failure death in patients who had received beta-blockers than
those did not .8* Accordingly, another explanation for the decrease in
discrimination can be due to a universal use of beta-blockers (over 90%)in both
contemporary validation cohorts.® 2’ Consequently, the SHFMmay have little
clinical significance in risk stratification for mode -specific death in patients

receiving contemporary evidence -based therapies.

535Val i datSiPRM ofn t he modern cohorts

The SPRM was developed to predict the proportion of sudden death relative to
total mortality rather than the absolute risk .74 With a combination of the
predicted risk of annual total mortality derived from SHFM, the investigator s
attempted to identify a subset of patients who woul d benefit most from ICD: a
high risk of sudden death but a low risk of dying from other causes. Applying th is
bi-modal system to PARADIGMAF and ATMOSPHERE, it yielded poor
discrimination and over-estimated the proportional risk of sudden death
Consequently, the bi-model system allocated majority patients in the category
who had low mortality rate but disproportionally high risk of  sudden death, in
other words, the majority of patients in the modern cohorts were predicted to
have indications for an ICD The reason for the poor performance of the SPRM in
the modern cohorts is uncertain, but this may reflect the heterogeneity in
proportion of sudden death as to overall mortality between the validation
cohorts (<40%) and the derivation cohort (48%), suggesing an underlying

difference in the baseline risk across cohorts . Thus, the intercept from the
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original SPRM may not be transportable, and a direct application may lead to the
predicted proportional risk being systematically higher in the validation cohorts .
In keeping with t his observation, a study showed that the SPRM overestimated
the proportional risk of sudden death in patients with an ICD ( predicted vs.
actual proportion of sudden death: 56% vs.31%)in the HF-ACTION cohort in
which the baseline risk for sudden death was presumably lower compared to the

derivation cohort. 156

Very recently, two studies have shown that the SPRM was able to classify
different magnitude s of the survival benefit from ICD in the HF -ACTIONcohort
and in an observational cohort including patients from an ICD registry and HF
registries/clinical trials, but neither  was a randomised clinical trial for primary
prevention ICDs and both shared great difference s in the baseline characteristics
between the ICD and non-ICD subgroups?®® 157 Moreover, the SPRM was used to
estimate the relative risk of sudden death as a proportion of total mortality,

other than the absolute risk (i.e. cu mulative incidence) of sudden death . The
proportional risk may be useful at a population level for policy making, but not

at an individual level for decision making.

54 Summar y

The sudden death and pump failure death models developed in PARADIGMHF
remained robust in ATMOSPHERHBE hese models can be considered for use in risk
stratification for mode -specific death and aiding decision making in device
therapy in similar populations. Despite good calibration , the SHFMhad a
substantial decrease in discrimination to predict sudden death, pump failure
death and even all -cause death in the modern cohorts. Therefore, the SHFM may
have limited clinical value in risk stratification for sudden death and pump

failure death in contemporary patients if not modified and re -validated. The
SPRM showed poor discriminationand over-estimated the actual proportional

risk of sudden death, and consequently, together with the SHFM, th e bimodal
system assigned most patients into the category of meriting an ICD in both

contemporary cohorts.
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Chapter6 Rat es odn sduedadt h and
fail ur eveealil h R

In this section | will describe the rates of sudden death and pump failure death

in patients with HF -PEF enrolled in three clinical trials over the time period
between 1999 and 2013. | will examine the rates of sudden death and pump
failure death in each trial and the cumulative incidences of each mode of death
at different time intervals during follow -up, and the cumulative incidences for
each mode of death according to the duration between HF diagnosis and
randomisation. The analyses will be undertaken using the conventional survival
analysisto calculate the annual rates for mode -specific death, and using the
cumulative incidence function method to calculate their cumulative incidences
during follow -up counting death from other causes as a competing risk. The
relationship between the rate of mode -specific death and the calendar year will
be examined using the multivariable linear regression analysis. The risk of mode-
specific death with the calendar year, by trial arm and by HF duration will be

examined using the cause-specific Cox regression analysis.

6.1 Met hods

6.1.1Stugwpul ati on

| attem pted to obtain all major clinical trials in patients with chronic HFPEF
conducted over the last two decades. The majority of clinical trials in HF -PEF
enrolled cohorts with small sample size s (ranging from 40 to 426 participants)
and examined the structural and functional outcomes including exercise
capacity, 6 -min walking distance, quality of life, changes in echocardiographic
parameters and plasma natriuretic peptides levels over a short per iod of follow -
up (ranging from 1 week to 12 months), 37158163 gnd the key characteristics and
results of these trials have been summarised in a recent systematic review. 164
Among the 7 trials identified examining mortality outcomes , 4 trials were
excluded, i.e. the Digitalis Inve stigation Group ancillary trial (DIG ancillary)
[N=988] given that the outcomes were not adjudicated by an endpoint
committee and only pump failure death events were reported, 13 the secondary
analysis of the Study of Effects of Nebivolol Intervent ion on Outcomes and

Rehospitalization in Seniors With Heart Failure (SENIORS) because of small

164
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cohort size (N=752) with only sudden death (N=27) having been reported, 1%° and
the Perindopril in Elderly Pe ople with Chronic Heart Failure (PERCHF)trial and
the Japanese Diastolic Heart Failure Study (J-CHF) because of small cohort size
(N=245 and N=850 repectively) with neither mode of death having been

reported . Their design and main characteristics are summari sed in Appendix
Table 8.0 166 Finally, 3 RCTswere included in the analysis, namely CHARM-
Preserved, I-PRESERVE and TOPCAT! 12 The design and results of the included
trials have been published previously and their main characteristics are

summarisedin Table 2-2.

6.1.20ut c cmé I Nt er est

The outcomes of interest were the proportions and the rates of sudden death
and pump failure death in each trial, and the cumulative incidences of each
mode of death at different time intervals since randomisation (30 days, 60 days,
90 days, 180 days, 1 year, 2 years and 3 years), and the risks of each mode of
death according to the length of time between diagnosis of HFand
randomisation ( Oyear, >1-5 years and >5 years). In each trial , all death events
were blindly adjudicated by an independent endpoint comm ittee using pre -

specified criteria , which were similar across the trials (Table 2 -3).

6.1.3Adj ust ment for potential confoun

| examined t he confounding effect s of conventional covariates on the risks of
sudden death and pump failure death including age, sex, LVEF, NYHA class,
systolic BP, HF hospitalisation within the past 6 months , and a history of
myocardial infarction, hypertension or diabetes, which were available in all
trials. The eGFR measurementswere recorded in all trials, except CHARM
Preserved in which eGFRwas only available in North American patients . Plasma
NT-proBNP was available only in the subset of patients in | -PRESERVB4%
available) and TOPCAT(18% available). The additional prognostic effect s of
eGFR and NTproBNP oneach mode of death was examined in patients with

complete data and after imputation of missing values.
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6.1.4St ati stical anal yses

Baseline characteristics of all patients in each trial were summari sed as means
with standard deviations for continuous variables and percentages for

categorical variables. Baseline characteristics of patients with sudden death and
without sudden death (i.e. those alive and those dying non-suddenly) in each
trial were also summarised and compared usingS u d e n-teshfer cdantinuous
variables and chi square test for categorical variables. Likewise, baseline
characteristics in patients with and without pump failure death in each trial
were summarised and compared. NT-proBNPwas not normally distributed and
thus was presented as median and interquartile range and analy sed using the
MannWhitney U test.

The annual rates of sudden death and pump failure death in each trial and in

each arm of each trial were calculated using ¢ onventional survival analysis as
per 100 patient -years. The cumulative incidences for each mode of death at
different time points of 30 days, 60 days, 90 days, 180 days, 1 year, 2 years and
3 years from randomisation were calculated and plotted using the ¢ umulative
incidence function method counting death from other causes as a competing

risk. 118 128 The hazard ratio for each mode of death in each trial arm was
calculated using cause-specific Cox proportional hazards model using the

placebo arm of CHARMPreserved as the reference. In a Cox model, the
association between calendar year and the risk for each mode of death was then
examined with adjustment for randomisation arm and with trial as a random
effect. These models were then further adjusted for the confounding variables
listed above. For models further adjusting for eGFR and NT-proBNP, the
complete case analysis was performed as the primary analysis, together with a
sensitivity analysis based on missing-indicator method using single imputation for
a missing value in those trials where d ata were not completely missing, i.e. | -
PRESERVE and TOPCAW®ith a further covariate indicating missing data. 1% The
association between calendar year and the annual rate of each mode of death
was examined in a multiple linear regression model with the randomisation year
and randomisation arm as covariates, weighted by the inverse -variance of the
annual rate with trial as a random effect. To account for the inconsistency in the
threshold of LVEF used in CHARMPreserved (>40%) and{PRESERVE and TOPCAT
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(both O45%), sensitivity analyses were p
LVEF below 45% in CHARMreserved. To examine the changes in risks of total

mortality and death due to non -CV causes across these trials, annual rates for

both outcomes in each trial and in each arm of each trial were also calculated,

and their associations with the calendar year were examined using the multiple

linear regression analysis as described above.

The length of time between HF diagnosis andrandomisation was collected in
CHARMPreserved and FPRESERVBut notin TOPCAT To assess the effect of HF
duration on the risk of each mode of death, patients with data available were
merged and further divided into 3 groups (based on the collected data) :
diagnosis within 1 year, >1-5 years and >5 years. According to these duration
groups, cumulative incidence curves for each mode of death were produced and
were compared usi H@ndtHRsfor @chanpde sf death were,
calculated using patient s within 1 -year diagnosis of HF as reference, adjusting
for the confounding variables listed above and counting for within -trial

clustering.

6.2 Resul t s

There were only 3 large clinical trials in patients with HF -PEF, and all were
included in this analysis, which consisted of 10,517 patients after excluding
patients having an ICD or CRTFD at baseline (N=79). Of these patients, 1876
(17.8%of total population ) died during follow -up, including 474 (4.5%)having a
sudden death, 288 (2.7%)dying from pump failure , and 598 (5.7%) dying from

non-CV causes

There were 444 (14.8%)patients with a LVEF below 45% in CHARMPreserved.
The eGFR levels were measured in8500 (81%) patients and both eGFR and
plasma NT-proBNP were available in 4063 (39%) patients.

6.21Baselcihmea acteristics of study pocrg

The key characteristics of patients at baseline in each trial are shown in Table 6 -
1. The mean age was higher in I-PRESERVE and TOPCAT (72 and 69 years
respectively) than in CHARM-Preserved (67 years), because I-PRESERVE and
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TOPCATset minimum age threshold s for inclusion (60 and 5 0 years respectively).
Likewise, both set a higher LVEFthreshold f or i ncl usi on ( 045 %)
CHARMPreserved (>40%) accordingly, the average LVEF was higher in }
PRESERVa&nd TOPCAT(59%and 57%respectively) than in CHARMPreserved
(54%). There was a female predominance in TOPCAT (52%) and particularly in }
PRESERVE (60%), but not in CHARRMeserved (40%). Alltrials enrolled patients
mainly with NYHA class Il and lllsymptoms with a preponderance of class Illin |-
PRESERVE and class Il in CHARveserved and TOPCAT The patients were
typically obese with a higher level of mean BMI in TOPCAT compared to |-
PRESERVE and CHAMNEeserved (32.1 kg/m 2 versus 29.6 kg/m? and 29.2 kg/m ?).
Comorbidities were common: about 30 -40% of patients had diabetes, atrial
fibrillation, or renal dysfunction (defined as an eGFR <60ml/min/1.73m ?2), the
prevalence of which were all higher in TOPCAT than in CHARMPreserved and F
PRESERVHhe majority ha d coronary artery disease and hypertension; the
proportion of patients with coronary artery disease was much higher in CHARM -
Preserved than in I-PRESERVE and TOPCAT (72% versus 51% and 59%)abut
substantially higher prevalence of hypertension was observed in TOPCAT and {
PRESERVE compared to CHARRMeserved (91% and 89% versus 64%hlowever,
the mean systolic blood pressure was 7 mmHg lower in TOPCAT than the other
two trials (129 mmHg versus 136 mmHg and 136 mmHg). There was a higher rate
of treatment wi th an ACEI/ARB, abeta-blocker or MRAIn TOPCAT. NFproBNP
measurements were available in a subset of patients in TOPCAT (18%) andH
PRESERVE (84%), with substantially higher median levels in TOPCAT than in |
PRESERY/ (843 pg/ml versus 339 pg/ml).

Table 6-1 Baseline characteristics of patients in the included trials in HF-PEF
CHARM-Preserved |-PRESERVE TOPCAT

(N=3000) (N=4116) (N=3401)

Age -years 66.7#11.1 71.646.9 68.519.6
Female sex (%) 1204 (40.1) 2485 (60.4) 1760 (51.8)
Race (%)

White 2745 (91.5) 3847 (93.5) 3028 (89.0)

Black 125 (4.2) 82 (2.0) 294 (8.6)

Asian 71 (2.4) 35(0.9) 18 (0.5)

Other 59 (2.0) 152 (3.7) 61 (1.8)
Blood pressure -mmHg

Systolic 136.2+18.4 136.4+15.0 129.3#13.9

Diastolic 77.8£10.7 78.819.1 75.9+10.6
Heart rate -beats/min 71.3#12.4 71.4#10.5 69.0+10.6
Body mass index 29.245.8 29.615.3 32.1+7.1

LVEF -%

54.119.4

59.449.2

57.1+%7.4
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NYHA class (%)

I-1l 1825 (60.8) 869 (21.1) 2282 (67.2)
ni-v 1175 (39.2) 3246 (78.9) 1116 (32.8)
Aetiology (%)
Ischaemic 1692 (56.4) 1033 (25.1) -
Hypertensive 682 (22.7) 2616 (63.6) -
Others 626 (20.9) 467 (11.3) -
HF duration (%)
01 year 1272 (42.4) 1991 (48.4) -
>1 and O 5 years 1114(37.1) 1504 (36.6) -
>5 years 613 (20.4) 617 (15.0) -
Medical history (%)
Current smoking 406 (13.5) - 357 (10.5)
HF hospitalisation within the 1063 (35.4) 1809 (44.0) 1787 (52.5)
previous 6 months
Myocardial infarction 1325 (44.2) 963 (23.4) 873 (25.7)
Angina 1807 (60.2) 1773 (43.1) 1598 (47.0)
CABG or PCI 994 (33.1) 542 (13.2) 791 (23.3)
Coronary artery disease 2151 (71.7) 2087 (50.7) 1993 (58.6)
Hypertension 1932 (64.4) 3645 (88.6) 3109 (91.5)
Diabetes 851 (28.4) 1128 (27.4) 1096 (32.3)
Atrial fibrillation 874 (29.1) 1199 (29.1) 1192 (35.1)
Stroke 267 (8.9) 394 (9.6) 260 (7.7)
Pacemaker 214 (7.1) 245 (6.0) 247 (7.3)
COPD or asthma - 386 (9.4) 543 (16.0)
Dyslipidaemia - 1801 (43.8) 2039 (60.0)
Treatment (%)
Digitalis 831 (27.7) 556 (13.5) 337 (9.9)
Diuretic 2240 (74.7) 3407 (82.8) 2778 (81.9)
Loop 1860 (62.0) 2140 (52.0) 1764 (52.0)
Thiazide 410 (13.7) 1552 (37.7) 1394 (41.1)
ACEI or ARB 1775 (59.2) 2572 (62.5) 2863 (84.2)
ACEI 563 (18.8) 1048 (25.5) 2231 (65.8)
ARB 1503 (50.1) 2062 (50.1) 680 (20.0)
Beta-blocker 1668 (55.6) 2423 (58.9) 2637 (77.7)
MRA 350 (11.7) 631 (15.3) 1698 (49.9)
Calcium channel blocker 938 (31.3) 1634 (39.7) 1284 (37.8)
Antiarrhythmic agent 291 (9.7) 355 (8.6) 289 (8.5)
Antiplatelet 1849 (61.6) 2412 (58.6) 2292 (67.6)
Aspirin 1752 (58.4) 2249 (54.7) 2220 (65.4)
Oral anticoagulant 735 (24.5) 783 (19.0) 774 (22.8)
Lipid lowering agent 1248 (41.6) 1272 (30.9) 1816 (53.5)
Anti-diabetic agent - 922 (22.4) 943 (27.8)
Laboratory tests
Creatinine -mg/dl 1.1240.41a 1.0040.32b 1.0940.30
eGFR -ml/min/1.73m? 72.3426.9a 72.6122.5b 67.7420.2
eGFR <60 ml/min/1.73m? (%) 370 (34.5)a 1239 (30.8)b 1307 (38.5)
NT-proBNP -pg/ml - 339 [133-960]c 843 [463-1727]d

The letters denote the number of patients available: a=1074 (36%), b=4027 (98%), c=3470 (84%),
d=615 (18%).

fto0 denotes dabeenreboadedi ng not
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6.22Baseline characteristics of pat.i

The characteristics of patients with and without sudden death in each trial are
shown in Table 6-2. Overall, patients with sudden death were more often
elderly, male, had lower LVEF and more advanced HF symptoms. They were
more likely to have previous hospital admission for HF worsening, a history of
myocardial infarction, diabetes or atrial fibrillation, and have been treated with
loop diuretics. The average level of eGFR was lower, and correspondingly the
proportion of patients with  renal dysfunction was higher in patients with sudden
death. Compared to patients without sudden death , the median level of NT -
proBNPIn patients with sudden death was substantially higher in | -PRESERVE,
but slightly lower in TOPCAT.

Table 6-2 Baseline characteristics of patients with and without sudden death in the included
trials in HF-PEF

CHARM-Preserved I-PRESERVE TOPCAT
SD Others SD Others SD Others
(N=134) (N=2866)  (N=230) (N=3886) (N=110) (N=3291)
Age -years 70.0£10.5*** 66.5+11.1  73.747.4*** 71.546.9 68.619.0 68.549.6
Male sex (%) 90 (67.2) 1706 (59.5) 127 (55.2)** 1504 (38.7) 78 (70.9)*** 1563 (47.5)
Race (%)
White 117 (87.3)*** 2628 (91.7) 220 (95.7) 3627 (93.3) 96 (87.3) 2932 (89.1)
Black 2(1.5) 123 (4.3) 5(2.2) 77 (2.0) 9(8.2) 285 (8.7)
Asian 8 (6.0) 63 (2.2) 0(0.0) 35(0.9) 0 (0.0) 18 (0.5)
Other 7 (5.2) 52 (1.8) 5(2.2) 147 (3.8) 5 (4.5) 56 (1.7)
Blood pressure -mmHg
Systolic 136.6416.8 136.24#18.5 135.8415.8 136.4+¥14.9  128.5#16.0 129.3#13.8
Diastolic 77.9410.1 77.8+10.7 77.948.3 78.819.1 73.6+12.5* 75.9+10.5
Heart rate -beats/min 73.2412.1 71.2#12.4  73.3+10.3** 71.3£10.4 69.6£10.7  69.0+10.6
Body mass index 28.615.5 29.245.8 28.615.1** 29.745.3 32.747.7 32.0#7.1
LVEF -% 52.949.3 54.149.4 56.749.2*** 59.649.1 54.0£7.4*** 57.2+7.4

NYHA class IlI-IV (%) 57 (42.5) 1118 (39.0) 181 (78.7) 3065 (78.9) 38 (34.5) 1078 (32.8)
Aetiology (%)

Ischaemic 80 (59.7) 1612 (56.2) 88 (38.3)*** 945 (24.3) - -
Hypertensive 27 (20.1) 655 (22.9) 115 (50.0) 2501 (64.4) - -
Other 27 (20.1) 599 (20.9) 27 (11.7) 440 (11.3) - -
HF duration (%)
01 year 52 (38.8) 1220 (42.6) 107 (46.5) 1884 (48.5) - -
>1 and O 5 46(34.3) 1068 (37.3) 81 (35.2) 1423 (36.7) - -
>5 years 36 (26.9) 577 (20.1) 42 (18.3) 575 (14.8) - -
Medical history (%)
Current smoking 26 (19.4)* 380 (13.3) - - 14 (12.7) 343 (10.4)

HF hospitalisation 57 (42.5) 1006 (35.1) 128 (55.7)*** 1681 (43.3) 59 (53.6) 1728 (52.5)
within the previous 6
months



Chapter 6

Coronary artery
disease

Myocardial infarction

Angina
CABG or PCI
Hypertension
Diabetes
Atrial fibrillation
Stroke
Pacemaker
COPD or asthma
Dyslipidaemia
Treatment (%)
Digitalis
Diuretics
Loop
Thiazide
ACEI or ARB
ACEI
ARB
Beta-blocker
MRA

Calcium channel
blocker

Antiarrhythmic agent

Antiplatelet
Aspirin

Oral anticoagulant
Lipid lowering agent
Anti-diabetic agent

Laboratory tests
Creatinine -mg/dl

eGFR -ml/min/1.73m?2

eGFR <60
ml/min/1.73m?

NT-proBNP -pg/ml

92 (68.7)

63 (47.0)
70 (52.2)
36 (26.9)
96 (71.6)
57 (42.5)%*
47 (35.1)
19 (14.2)*
11 (8.2)

51 (38.1)*
117 (87.3)%**
101 (75.4)**
19 (14.2)

85 (63.4)

35 (26.1)
69 (51.5)

60 (44.8)*
15 (11.2)

42 (31.3)

7 (5.2)

74 (55.2)
70 (52.2)
32 (23.9)
44 (32.8)*

1.1940.38a
66.6422.2a
17 (42.5)a

2059 (71.8)

1262 (44.0)
1737 (60.6)
958 (33.4)
1836 (64.1)
794 (27.7)
827 (28.9)
248 (8.7)
203 (7.1)

780 (27.2)
2123 (74.1)
1759 (61.4)
391 (13.6)
1690 (59.0)
528 (18.4)
1434 (50.0)
1608 (56.1)
335 (11.7)
896 (31.3)

284 (9.9)
1775 (61.9)
1682 (58.7)
703 (24.5)
1204 (42.0)

1.1210.42b
72.5227.1b
353 (34.1)b

171

143 (62.2) ***

81 (35.2)**
110 (47.8)
36 (15.7)
199 (86.5)
86 (37.4)**
85 (37.0)*
26 (11.3)
19 (8.3)

37 (16.1)**
87 (37.8)

47 (20.4)**
200 (87.0)
146 (63.5)*
73 (31.7)
145 (63.0)
70 (30.4)
113 (49.1)
132 (57.4)
51 (22.2)**
72 (31.3)**

28 (12.2)*
136 (59.1)
123 (53.5)
53 (23.0)
63 (27.4)
73 (31.7)%*

1.0940.38%**c
69.8423.9¢
80 (34.9)c

944e
[353-2032]**

1944 (50.0)

882 (22.7)
1663 (42.8)
506 (13.0)
3446 (88.7)
1042 (26.8)
1114 (28.7)
368 (9.5)
226 (5.8)
349 (9.0)
1714 (44.1)

509 (13.1)

3207 (82.6)
1994 (51.4)
1479 (38.1)
2427 (62.4)
978 (25.2)

1949 (50.2)
2291 (59.0)
580 (14.9)

1562 (40.2)

327 (8.4)
2276 (58.6)
2126 (54.8)
730 (18.8)
1209 (31.1)
849 (21.9)

0.99:0.31d
72.7422.4d
1159 (30.5)d

320f
[130-908]

67 (60.9)

41 (37.3)*
46 (41.8)
36 (32.7)*
100 (90.9)
43 (39.1)
39 (35.5)
9(8.2)

6 (5.5)

20 (18.2)
66 (60.0)

12 (10.9)
95 (86.4)
77 (70.0)%*
38 (34.5)
94 (85.4)
73 (66.4)
24 (21.8)
89 (80.9)
56 (50.9)
38 (34.5)

11 (10.0)
73 (66.4)
71 (64.5)
22 (20.0)
57 (51.8)
40 (36.4)*

1.2040.32%+
65.0421.0
54 (49.1)*

6599
[515-2582]

1926 (58.5)

832 (25.3)
1552 (47.2)
755 (23.0)
3009 (91.5)
1053 (32.0)
1153 (35.1)
251 (7.6)
241 (7.3)
523 (15.9)
1973 (60.0)

325 (9.9)
2683 (81.7)
1687 (51.4)
1356 (41.3)
2769 (84.1)
2158 (65.7)
656 (20.0)
2548 (77.6)
1642 (49.9)
1246 (38.0)

278 (8.5)
2219 (67.6)
2149 (65.5)
752 (22.9)
1759 (53.6)
903 (27.5)

1.09#0.30
67.8420.2
1253 (38.1)

844h
[461-1708]

*P<0.05, *p<0.01, *** p<0.001

SD denotes sudden death, -if denot es

doabeen catleztedi n g

The letters denote the number of patients available: a=40 (30%), b=1034 (36%), c=229 (100%),
d=3798 (98%), e=195 (85%), f=3275 (84%), g=22 (20%), h=593 (18%).
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6.23Baseline characteristics of pat.i

There were some notable differences in baseline characteristics between
patients with and without pump failure death (Table 6-3). In general, compared
to patients without pump failure death, patients who died from progressive
pump failure were more likely to be older, have worse HF symptoms, lower
blood pressure or BMI, and have higher heart rate . These patients with pump
failure death tended to have longer standing HF, and have more comorbidities
including previous HF hospitalisation, diabetes, atrial fibrillation, COPD or
asthma and renal dysfunction , but were less likely to have hypertension. There
was a higher rate of the use of digitalis, loop diuretics, oral anticoagulants or
pacemaker, but a | ower rate of use of antiplatelets in patients with pump failure
death. The average level of eGFR was substantially lower and t he median plasma
NT-proBNPconcentration was substantially higher in patients with pump failure

death than tho se without pump failure death.

Table 6-3 Baseline characteristics of patients with and without pump failure death in the
included trials in HF-PEF

CHARM-Preserved I-PRESERVE TOPCAT
PFD Others PFD Others PFD Others
(N=100) (N=2900) (N=123) (N=3993) (N=65) (N=3336)

Age -years 75.848.2**  66.4+£11.0 75.547.0*** 71.546.9 75.348.8%** 68.419.5
Male sex (%) 58 (58.0) 1738 (59.9) 62 (50.4)* 1569 (39.3) 32 (49.2) 1609 (48.2)
Race (%)

White 93 (93.0) 2652 (91.4) 115 (93.5) 3732 (93.5) 57 (87.7) 2971 (89.1)

Black 2 (2.0) 123(4.2) 4(3.3) 78 (2.0) 5(7.7) 289 (8.7)

Asian 1(1.0) 70 (2.4) 2(1.6) 33(0.8) 1(1.5) 17 (0.5)

Other 4 (4.0) 55 (1.9) 2 (1.6) 150 (3.8) 2(3.1) 59 (1.8)
Blood pressure -mmHg

Systolic 134.4420.4  136.3+18.4 134.6+19.6 136.4+14.8 125.2+15.9* 129.3+13.8

Diastolic 72.4411.5%* 78.0£10.6 75.249.4%** 78.949.0 70.4410.3***  76.0410.6
Heart rate -beats/min 72.8410.9 71.3812.4 74.2#11.1* 71.3810.4 71.4#10.7 68.9+10.6
Body mass index 26.945.0**  29.345.8 29.146.4 29.745.2 30.246.5* 32.14#7.1
LVEF -% 54.7+10.3 54.049.4 56.749.0%** 59.549.1 56.5+7.1 57.1+7.5
NYHA class llI-IV (%) 61 (61.0)*** 1114 (38.4) 97 (78.9) 3149 (78.9) 34 (52.3)*** 1082 (32.5)
Aetiology (%)

Ischaemic 50 (50.0) 1642 (56.6) 44 (35.8)** 989 (24.8) - -

Hypertensive 21 (21.0) 661 (22.8) 59 (48.0) 2557 (64.0) - -

Other 29 (29.0) 597 (20.6) 20 (16.3) 447 (11.2) - -
HF duration (%)

within 1 year 25 (25.0)*** 1247 (43.0) 46 (37.4)* 1945 (48.8) - -

>1 abykard 36 (36.0) 1078 (37.2) 54 (43.9) 1450 (36.3) - -

>5 years 39 (39.0) 574 (19.8) 23 (18.7) 594 (14.9) - -



Chapter 6 173
Medical history (%)
Current smoking 10 (10.0) 396 (13.7) - - 7 (10.8) 350 (10.5)
HF hospitalisation within 56 (56.0)*** 1007 (34.7) 73 (59.3)*** 1736 (43.5) 28 (43.1) 1759 (52.7)
the previous 6 months
Coronary artery disease 69 (69.0) 2082 (71.8) 62 (50.4) 2025 (50.7) 31 (47.7) 1962 (58.8)
Myocardial infarction 40 (40.0) 1285 (44.3) 33 (26.8) 930 (23.3) 10 (15.4) 863 (25.9)
Angina 54 (54.0) 1753 (60.4) 52 (42.3) 1721 (43.1) 24 (36.9) 1574 (47.2)
CABG or PCI 28 (28.0) 966 (33.3) 19 (15.4) 523 (13.1) 16 (24.6) 775 (23.3)
Hypertension 54 (54.0)* 1878 (64.8) 100 (81.3)* 3545 (88.8) 55 (84.6)* 3054 (91.6)
Diabetes 37 (37.0) 814 (28.1) 52 (42.3)*** 1076 (26.9) 28 (43.1) 1068 (32.0)
Atrial fibrillation 41 (41.0)*> 833 (28.7) 62 (50.4)** 1137 (28.5) 39 (60.0)*** 1153 (34.6)
Stroke 13 (13.0) 254 (8.8) 16 (13.0) 378 (9.5) 7(10.8) 253 (7.6)
Pacemaker 14 (14.0)** 200 (6.9) 15 (12.2)** 230 (5.8) 12 (18.5)*** 235 (7.1)
COPD or asthma - - 18 (14.6)* 368(9.2) 51 (78.5)** 1988 (59.6)
Dyslipidaemia - - 36 (29.3)** 1765 (44.2) 14 (21.5) 529 (15.9)
Treatment (%)
Digitalis 41 (41.0)*> 790 (27.2) 38 (30.9)*** 518 (13.0) 13 (20.0)** 324 (9.7)
Diuretics 90 (90.0)* 2150 (74.1) 115 (93.5)** 3292 (82.5) 63 (96.9)** 2715 (81.6)
Loop 86 (86.0)*** 1774 (61.2) 103 (83.7)*** 2037 (51.1) 59 (90.8)*** 1705 (51.2)
Thiazide 12 (12.0) 398 (13.7) 22 (17.9)*** 1530 (38.3) 20 (30.8) 1374 (41.3)
ACEI or ARB 54 (54.0) 1721 (59.3) 88 (71.5)* 2484 (62.2) 53 (81.5) 2810 (84.2)
ACEI 17 (17.0) 546 (18.8) 39 (31.7) 1009 (25.3) 35 (53.8)* 2196 (66.0)
ARB 47 (47.0) 1456 (50.2) 69 (56.1) 1993 (49.9) 20 (30.8)* 660 (19.8)
Beta-blocker 36 (36.0)*** 1632 (56.3) 61 (49.6)* 2362 (59.2) 57 (87.7) 2580 (77.5)
MRA 22 (22.0)** 328 (11.3) 33 (26.8)*** 598 (15.0) 26 (40.0) 1672 (50.1)
Calcium channel blocker 31 (31.0) 907 (31.3) 45 (36.6) 1589 (39.8) 18 (27.7) 1266 (38.0)
Antiarrhythmic agent 15 (15.0) 276 (9.5) 18 (14.6)* 337(8.4) 3(4.6) 286 (8.6)
Antiplatelet 50 (50.0)* 1799 (62.0) 54 (43.9)*** 2358 (59.1) 41 (63.1) 2251 (67.6)
Aspirin 48 (48.0)* 1704 (58.8) 51 (41.5)** 2198 (55.1) 38 (58.5) 2182 (65.6)
Oral anticoagulant 32 (32.0) 703 (24.2) 42 (34.1)*** 741 (18.6) 27 (41.5)*** 747 (22.4)
Lipid lowering agent 22 (22.0)*** 1226 (42.3) 30 (24.4) 1242 (31.1) 44 (67.7)* 1772 (53.2)
Anti-diabetic agent - - 41 (33.3)** 881 (22.1) 24 (36.9) 919 (27.6)
Laboratory tests
Creatinine -mg/dl 1.4340.66***a 1.11#0.40b 1.1840.36***c 0.9940.32d 1.2240.34***  1.0940.30
eGFR -ml/min/1.73m? 54.7423.5%*a 72.9426.8b 62.1+21.9***c 72.9#22.4d 58.8+18.1***  67.9420.2
eGFR <60 ml/min/1.73m? 23 (62.2)***a 347 (33.5)b 66 (55.0)***c 1173 38 (58.5)*** 1269 (38.1)
(30.0)d
NT-proBNP -pg/ml - - 1231e 327f 2932g 826h
[408-2790]*** [131-924] [1455-6455]*** [460-1677]
*P<0.05, **p<0.01, *** p<0.001.
PFD denotes pump failure death, if denot es data having not been

The letters denote the number of patients available: a=37 (37%), b=1037 (36%), c=120 (98%),
d=3907 (98%), e=100 (81%), f=3370 (84%), g=12 (18%), h=603 (18%).
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6.24Sudden rates Iin each tr

tri al

deat h

The annual rate for sudden death was 1.5 per 100 patient -years in the earliest
CHARMPreserved, 1.4 per 100 patient-years in I-PRESERVE and 1.0 per 100
patient -years in the latest TOPCAT (Table 6-4 and Figure 6-1). There was a
declining trend in the rate of sudden death across these trials over time (p
=0.021) (Figure 6-2), and the trend was attenuated but r emained significant in a
sensitivity analysis after excluding patients with LVEF below 45% in CHARM-
Preserved (p=0.045) (Figure 6-3). A decrease in the rate was accompanied by a
falling proportion of sudden death relative to total mortality across trials (Figure
6-4). The rate of death from any cause also decreased across these trials over
time (p=0.025), but the rate of non -CV death did not change over time (p=0.24),
leading to an increase in proportion of deat h from non-CV causes in the later
trial (Figure 6-4, Figure 6-5 and Figure 6-6).

Table 6-4 Annual rates and cumulative incidences of sudden death at different time points in
the included trials in HF-PEF (treatment arms combined)

CHARM-Preserved |-PRESERVE  TOPCAT
(N=3000) (N=4116) (N=3401)
Sudden death events 134 230 110
Annual rate (95% Cl) 1.5 (1.3-1.8) 1.4 (1.2-1.6) 1.0 (0.8-1.2)
Cumulative incidence (95% ClI)
30 days 0.1 (0.0-0.2) 0.2 (0.0-0.3) 0.1 (0.0-0.2)
60 days 0.1 (0.0-0.2) 0.2 (0.1-0.4) 0.1 (0.0-0.2)
90 days 0.1 (0.0-0.3) 0.3 (0.1-0.5) 0.2 (0.0-0.3)
180 days 0.5 (0.3-0.8) 0.6 (0.4-0.9) 0.5 (0.2-0.7)
1 year 1.2 (0.8-1.6) 1.3 (1.0-1.7) 1.0 (0.6-1.3)
2 years 2.9 (2.3-3.5) 2.5(2.0-2.9) 1.7 (1.3-2.2)
3 years 4.4 (3.6-5.1) 3.7 (3.1-4.2) 2.4 (1.8-2.9)

Annual rates are shown as per 100 patient-years. Cumulative incidences are presented as percent.

a l
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Figure 6-1 Cumulative incidence curves for sudden death by trials in HF-PEF
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Figure 6-2 Trends in the sudden death rate across trial arms over time in HF-PEF
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Annual rates are shown as sudden death per 100 patient-years. The black dotted line is based on
the multiple linear regression of the annual rate in each trial arm with the randomisation year
and randomisation arm as covariates, weighted by its inverse-variance and with trial as a
random effect. P for slope represents the p value for randomisation year based on the linear
model. Each circle represents each trial arm as labelled, with the control arm in each trial
illustrated in gray and the experimental arm in white. The centre of each circle corresponds to
randomisation year (x axis) and the annual rate (y axis) in each arm, the error bars in each
circle correspond to the 95% confidence interval of the annual rate. The area of each circle
represents the sample size in each arm (reference size shown in the upper right corner). C
denotes control arm; T, experimental treatment arm.
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Figure 6-3 Trends in the sudden death rate across trial arms over time in HF-PEF with the
exclusion of patients with a LVEF below 45% in CHARM-Preserved
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Annual rates are shown as sudden death per 100 patient-years. Other notes and abbreviations are
same as those in Figure 6-2.

Figure 6-4 Proportions of sudden death and pump failure death relative to overall mortality
across the trials in HF-PEF

M Sudden death  ® Pump failure death  m Other CV death Non-CV death

CHARM-PRESERVED 0.28 0.21 0.22
I-PRESERVE 0.26 0.14 0.29
TOPCAT 0.21 0.13 0.30
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Figure 6-5 Trends in the all-cause death rate across trial arms over time in HF-PEF
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Annual rates are shown as all-cause death per 100 patient-years. The black dotted line is based on
the multiple linear regression of the annual rate in each trial arm with the randomisation year
and randomisation arm as covariates, weighted by its inverse-variance and with trial as a
random effect. P for slope represents the p value for randomisation year based on the linear
model. Each circle represents each trial arm as labelled, with the control arm in each trial
illustrated in gray and the experimental arm in white. The centre of each circle corresponds to
randomisation year (x axis) and the annual rate (y axis) in each arm, the error bars in each
circle correspond to the 95% confidence interval of the annual rate. The area of each circle
represents the sample size in each arm (reference size shown in the upper right corner). C
denotes control arm; T, experimental treatment arm.

Figure 6-6 Trends in the non-CV death rate across trial arms over time in HF-PEF
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Annual rates are shown as non-CV death per 100 patient-years. Other notes and abbreviations are
same as those in Figure 6-5.



Chapter 6 178

The rate of sudden death was quite similar between treatment arms in each trial
(Figure 6-2). This was in line with the finding from a Cox regression analysis with
randomisation treatment and randomisation year as covariates, in which the risk
for sudden death was not significantly associated with randomisation treatment
(HR 0.99, 95% CI 0.831.19, p=0.954) but with randomisation year (HR per
decade 0.48, 95% CI 0.3-0.69, p<0.001). A nearly identical result was observed
with adjustment for conventional confounding variables (HR for randomisation
treatment 0.98, 95% CI 0.83-1.19, p=0.954; HR for randomisation year per
decade 0.48, 95% CI1 0.320.71, p<0.001).

When examining the risk of sudden death across trial arms, generally, there was
no difference in the risk of sudden death between treatment arms within a trial,
and the risk was about 40% lower in either arm of TOPCAT than that in the
placebo arm of CHARMPreserved (HR 0.62, 95% CI 0.43).89, p=0.010) (Figure 6-
7). A similar result was observed with adjustment for conventional confounding
covariates (Figure 6-8). The difference was attenuated and marginally significant
after further adjustment for eGFR (HR 0.67, 95% CI1 0.41-1.11, p=0.118), and the
imputation of missing values gave similar results (Figure 6 -9). When further
adjusting for NT -proBNP, compared with the placebo arm of | -PRESERVE, theisk
of sudden death in the treatment arm of TOPCAT was marginally lower using
complete case analysis (HR 0.60, 95% CI 0.3601.19, p=0.141), but was
significantly lower with the imputation approach including all patientsin|1 -
PRESERVE and TOPCAT (HR 0.65%%I 0.440.97, p=0.033) (Figure 6-10).

Figure 6-7 Hazard ratio for sudden death across the trial arms in HF-PEF

Trial arm Medication Annual rate HR (95% Cl) p value
CHARM-Preserved (C)  ACEI/ARB(18%)+BB(55%)+MRA{12%) 1.5 (1.2-1.9) reference -
CHARM-Preserved (T)  ACEI/ARB(100%)+BB(56%)+MRA(11%) 1.6 (1.2-2.0) —_—— 1.05(0.75, 1.47) 0.784
I-PRESERVE (C) ACE|/ARB(25%)+BB(58%)+MRA(15%) 1.4(1.2-1.7) —_— 0.88 (0.65, 1.21) 0.436
I-PRESERVE (T) ACEI/ARB(100%)+BB(59%)+MRA(15%) 1.3 (1.1-1.6) _— 0.84 (0.61, 1.15) 0.267
TOPCAT (C) ACE|/ARB(84%)+BB(77%)+MRA(0%) 0.9 (0.7-1.2) B — e 0.60 (0.42,0.87) 0.007
TOPCAT (T) ACE|/ARB(84%)+BB(78%)+MRA{100%) 1.0 (0.8-1.3) _— 0.62 (0.43,0.89) 0.010
U.és o.lso 0|.75 1.0 1.&5 1,;30 lt75

Annual rates are shown as sudden death per 100 patient-years. Hazard ratios shown were
compared to the placebo arm of CHARM-Preserved (N=10,515). C denotes control arm; T,
experimental treatment arm.
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Figure 6-8 Hazard ratio for sudden death across the trial arms in HF-PEF with adjustment for
8 conventional covariates

Trial arm

Medication

Annual rate HR (95% CI) p value
CHARM-Preserved (C)  ACEI/ARB(18%)+BB(55%)}+MRA(12%) 1.5 (1.2-1.9) reference -
CHARM-Preserved (T)  ACEI/ARB(100%)+BB(56%)+MRA(11%) 1.6 (1.2-2.0) R F— 1.03 (0.73,1.44) 0.873
1-PRESERVE (C) ACEI/ARB(25%)+BB(58%)+MRA(15%) 1.4 (1.2-1.7) 0.93(0.67,1.29) 0.648
I-PRESERVE (T) ACEI/ARB(100%)+BB(59%)+MRA(15%) 1.3 (1.1-1.6) —_— 0.85(0.61, 1.19) 0.350
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA(0%) 0.9 (0.7-1.2) [ — 0.60 (0.41, 0.88) 0.009
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA(100%) 1.0 (0.8-1.3) _ 0.62 (0.43,0.91) 0.014

T T T T T T
0.25 0.50 075 1.0 1.251501.75

Annual rates are shown as sudden death per 100 patient-years. Hazard ratios were adjusted for
conventional covariates including age, sex, NYHA class, LVEF, systolic blood pressure, HF
hospitalisation within the last 6 months, and a history of myocardial infarction, hypertension and

diabetes (N=10,506). Hazard ratios shown were compared to the placebo arm of CHARM-

Preserved. C denotes control arm; T, experimental treatment arm.

Figure 6-9 Hazard ratio for sudden death across the trial arms in HF-PEF with adjustment for
8 conventional covariates and eGFR

A
Trial arm Medication Annual rate HR (95% C1) p value
CHARM-Preserved (C)  ACEI/ARB(18%)+BB(55%)+MRA(12%)  1.5(1.2-1.9) reference _
CHARM-Preserved (T)  ACEI/ARB(100%)+BB(56%)+MRA(11%) 1.6 (1.2-2.0) 0.71(0.38,1.32) 0.278
I-PRESERVE (C) ACEI/ARB(25%)+BB(58%)+MRA(15%) 1.4 (1.2-1.7) 1.00 (0.63, 1.60) 0.997
I-PRESERVE (T) ACEI/ARB(100%)+BB(59%)}+MRA(15%) 1.3 {1.1-1.6) R 0.93 (0.58,1.49) 0.769
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA(0%) 0.9 {0.7-1.2) - 0.65(0.39,1.07) 0.093
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA(100%) 1.0 (0.8-1.3) [ — - 0.67 (0.41,1.10) 0.116
B 0.5 0.50 075 10 125150175
Trial arm Medication Annual rate HR (95% C1)  p value
CHARM-Preserved (C)  ACEI/ARB(18%)+BB(55%)+MRA(12%)  1.5(1.2-1.9) reference -
CHARM-Preserved (T)  ACEI/ARB(100%)+BB(56%)+MRA({11%) 1.6 (1.2-2.0) 0.71(0.38,1.33) 0.287
1-PRESERVE (C) ACEI/ARB(25%)+BB(58%)+MRA(15%) 1.4 (1.2-1.7) - L 1.03(0.65,1.65) 0.893
I-PRESERVE (T) ACEI/ARB(100%)+BB(59%)+MRA({15%) 1.3 (1.1-1.6) — 4 0.96(0.60,1.54) 0.862
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA({0%) 0.9 (0.7-1.2) P 0.65 (0.39, 1.07) 0.092
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA(100%) 1.0 (0.8-1.3) —_—— 0.67 (0.41, 1.11) 0.118
o.;s o.lso 075 10 125150175
C
Trial arm Medication Annual rate HR(95%Cl) p value
CHARM-Preserved (C)  ACEI/ARB(18%)+BB(55%)+MRA{12%) 1.5 (1.2-1.9) reference -
CHARM-Preserved (T)  ACEI/ARB(100%)+BB(56%)+MRA({11%) 1.6 (1.2-2.0) —_— 1.03(0.73,1.45) 0.860
1-PRESERVE (C) ACEI/ARB(25%)+BB(58%)+MRA({15%) 1.4 (1.2-1.7) —_ L 1.03(0.70,1.53) 0.867
1-PRESERVE (T) ACEI/ARB(100%)+BB(59%)+MRA{15%) 1.3 {1.1-1.6) —_— 0.95(0.64,1.41) 0.798
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA{0%) 0.9 (0.7-1.2) R 0.66 (0.43,1.02) 0.061
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA(100%) 1.0 (0.8-1.3) S — 0.68 (0.44, 1.05) 0.083
u.és o.lso 075 10 125150175

Annual rates are shown as sudden death per 100 patient-years.

Panel A, HRs were adjusted for conventional confounding variables in the subset of patients with
eGFR measurements available (N=8492); Panel B, adjustment for conventional covariates and
eGFR in the subset of patients with eGFR measurements available (N=8492); Panel C,
adjustment for conventional covariates and eGFR with simple imputation of eGFR levels
(N=10,506). HRs shown were compared to the placebo arm of CHARM-Preserved. C denotes
control arm; T, experimental treatment arm.
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Figure 6-10 Hazard ratio for sudden death across the trial arms in HF-PEF with adjustment

for 8 conventional covariates, eGFR and NT-proBNP

A
Trial arm Medication Annual rate HR (95%Cl)  pvalue
I-PRESERVE (C) ACEI/ARB(25%)+BB(58%)+MRA(15%) 1.4 (1.2-1.7) reference -
I-PRESERVE (T)  ACEI/ARB(100%)+BB(59%)+MRA(15%) 1.3 (1.1-1.6) 0.94(0.71,1.25) 0.691
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA(0%) 0.9 (0.7-1.2) 1.13(0.60, 2.11} 0.706
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA(100%) 1.0 (0.8-1.3) 0.79(0.40,1.57) 0.503
T T
9 o w2
B o g )
Trial arm Medication Annual rate HR (95% Cl)  p value
I-PRESERVE (C) ACEI/ARB(25%)+BB(58%)+MRA(15%] 1.4 (1.2-1.7) reference -
I-PRESERVE (T)  ACEI/ARB(100%)+BB(59%)+MRA{15%) 1.3 {1.1-1.6) 0.94(0.71,1.25) 0.670
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA{0%) 0.9 (0.7-1.2) 1.09 (0.58, 2.04) 0.794
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA(100%) 1.0 (0.8-1.3) 0.76 {0.38,1.51) 0.437
T T T
c & & N
Trial arm Medication Annual rate HR (95% Cl)  pvalue
I-PRESERVE (C)  ACEI/ARB(25%)+BB(58%)+MRA(15%) 1.4 (1.2-1.7) reference -
I-PRESERVE (T)  ACEI/ARB(100%)+BB(59%)+MRA(15%) 1.3 (1.1-1.6) 0.92(0.69,1.21) 0.541
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA(0%) 0.9 (0.7-1.2) 0.81(0.43,1.53) 0.512
TOPCAT (T) ACEI/ARB(84%)+BB{78%)+MRA(100%) 1.0 (0.8-1.3) 0.60(0.30,1.19) 0.141
T T T
o © )
D ¥ g e
Trial arm Medication Annual rate HR (95% Cl)  pvalue
I-PRESERVE (C)  ACEI/ARB(25%)+BB(58%)+MRA(15%) 1.4 (1.2-1.7) reference _
I-PRESERVE (T)  ACEI/ARB(100%)+BB(59%)+MRA(15%) 1.3 (1.1-1.6) 0.90 (0.69,1.17) 0.422
TOPCAT (C) ACEI/ ARB(84%)+BB(77%)+MRA{0%) 0.9(0.7-1.2) 0.63(0.43,0.95) 0.026
TOPCAT (T) ACEI/ARB(84%)+BB{78%)+MRA{100%) 1.0 (0.8-1.3) 0.65(0.44,0.97) 0.033
T T T T T
v I\ © ] )
& IR SR K R A

Annual rates are shown as sudden death per 100 patient-years.

Panel A, adjustment for conventional confounding variables in the subset of patients with NT-
proBNP available [N=4059]; Panel B, adjustment for conventional covariates and eGFR in the
subset of patients with NT-proBNP available [N=4059]; Panel C, adjustment for conventional
covariates, eGFR and log transformed NT-proBNP in the subset of patients with NT-proBNP
available [N=4059]; Panel D, adjustment for conventional covariates, eGFR and log transformed
NT-proBNP with simple imputation of eGFR and NT-proBNP in the trials with NT-proBNP
collected (i.e. not complete missing) [N=7507]. HRs shown were compared to the placebo arm
of I-PRESERVE. C denotes control arm; T, experimental treatment arm.



Chapter 6 181

6.25Pump f ai l
each tri a

The annual rate of pump failure death was lower in the more recent trials: 1.1
per 100 patient -years in CHARMPreserved, 0.7 per 100 patient -years in I-
PRESERVE and 0.6 per 100 patieryears in TOPCAT(Table 6-5 and Figure 6-11).
There was a borderline downward trend in the annual rate of pump failure death
over time (p=0.05) (Figure 6-12), and a similar trend was observed in the
sensitivity analysis after excluding patients with a LVEF below 45% in CHARM-
Preserved (Figure 6-13). There was a smaller proportion of pump failure death
relative to total mortality in TOPCAT (13% of total mortality) and | -PRESERVE

(14%) than in CHARMPreserved (21%)(Figure 6-4).

Table 6-5 Annual rates and cumulative incidences of pump failure death at different time
points in the included trials in HF-PEF (treatment arms combined)

ure death rates i n each
|

CHARM-Preserved |-PRESERVE TOPCAT
(N=3000) (N=4116) (N=3401)
Pump failure death events 100 123 65
Annual rate (95% CI) 1.1(0.9-1.4) 0.7 (0.6-0.9) 0.6 (0.4-0.7)
Cumulative incidence (95% CI)
30 days 0.0 (0.0-0.1) 0.0 (0.0-0.1) 0.1 (0.0-0.1)
60 days 0.1 (0.0-0.2) 0.1 (0.0-0.2) 0.1 (0.0-0.2)
90 days 0.2 (0.0-0.4) 0.1 (0.0-0.2) 0.1 (0.0-0.3)
180 days 0.5 (0.2-0.8) 0.2 (0.1-0.4) 0.2 (0.0-0.3)
1 year 1.0 (0.6-1.4) 0.7 (0.5-1.0) 0.4 (0.2-0.6)
2 years 2.0 (1.5-2.5) 1.2 (0.9-1.5) 1.1 (0.7-1.4)
3 years 3.0 (2.4-3.7) 2.1 (1.6-2.5) 1.4 (0.9-1.8)

Annual rates are shown as per 100 patient-years. Cumulative incidences are presented as percent.
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Figure 6-11 Cumulative incidence curves for pump failure death by trials in HF-PEF
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Figure 6-12 Trends in the pump failure death rate across trial arms over time in HF-PEF
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Annual rates are shown as pump failure death per 100 patient-years. The black dotted line is based
on the multiple linear regression of the annual rate in each trial arm with the randomisation year

and randomisation arm as covariates, weighted by its inverse-variance and with trial as a
random effect. P for slope represents the p value for randomisation year based on the linear
model. Each circle represents each trial arm as labelled, with the control arm in each trial

illustrated in gray and the experimental arm in white. The centre of each circle corresponds to

randomisation year (x axis) and the annual rate (y axis) in each arm, the error bars in each
circle correspond to the 95% confidence interval of the annual rate. The area of each circle
represents the sample size in each arm (reference size shown in the upper right corner). C
denotes control arm; T, experimental treatment arm.



Chapter 6 183

Figure 6-13 Trends in the pump failure death rate across trial arms over time in HF-PEF with
the exclusion of patients with a LVEF below 45% in CHARM-Preserved
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Annual rates are shown as pump failure death per 100 patient-years. Other notes and
abbreviations are same as those in Figure 6-12.

Similar to that of sudden death, t he rate of pump failure death was quite similar
between treatment arms within  each single trial (Figure 6-12). This observation
was in concert with the finding from Cox regression analysis with randomisation
treatment and randomisation year as covariates, in which the risk for pump
failure death had no significant relationship with randomisation treatment (HR
0.96, 95% CI1 076-1.21, p=0.73), but significant with randomisation year (HRper
decade 0.35, 95% CI 022-0.56, p<0.001). Adjusting for conventional confounding
covariates made lit tle difference (HR for randomisation treatment 0.94, 95% CI

0.75-1.19, p=0.622; HR for randomisation year per decade 0.33, 95% CI 0.20-
0.57, p<0.001).

When examining the risk of pump failure death across trial arms, overall, a
decrease was observed with about 37% lowerin treatment arm of I-PRESERVE
and 64% lower in the treatment arm of TOPCAT, compared to the placebo arm of
CHARMPreserved (HR 0.63, 95% CI 0.44.92, p=0.015; HR 0.36, 95% CI 0.22
0.58, p<0.001) (Figure 6-14). A smilar result w as observed with adjustment for
conventional confounding variables and with additionally adjusting for eGFR
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(Figure 6-15 and Figure 6-16). In the subset of patients with both eGFR and NT-
proBNPavailable, compared with the placebo arm of I-PRESERY the risk of
pump failure death was marginally higher in placebo arm of TOPCAT (HR 1.73,
95% CI 0.783.82, p=0.177), and the difference was attenuated with more
covariates being adjusted for (HR 1.14, 95% CI 0.562.56, p=0.756 with
adjustment for convent ional covariates, eGFR and NFproBNP); nevertheless, the
risk was marginally lower in the treatment arm of TOPCAT irrespective of
adjusted covariates (crude HR 0.69, 95% CI 0.241.98, p=0.489; HR 0.49, 95% CI
0.17-1.44, p=0.196 with adjustment for conventi onal covariates, eGFR and NF
proBNP) (Figure 617). Imputation of missing values made little changeto these
findings (Figure 6-16 and Figure 6-17).

Figure 6-14 Hazard ratio for pump failure death across the trial arms in HF-PEF

Trial arm Medication Annual rate HR (95% ClI) p value
CHARM-Preserved (C)  ACEI/ARB(18%)+BB(55%)+MRA(12%) 1.2 (0.9-1.6) reference -
CHARM-Preserved (T)  ACEI/ARB(100%)+BB(56%)+MRA(11%) 1.1(0.8-1.4) —_— 0.88 (0.59, 1.30) 0.507
I-PRESERVE (C) ACEI/ARB(25%)+BB(58%)+MRA(15%) 0.7 {0.5-0.8) _ 0.51 (0.34,0.75) 0.001
I-PRESERVE (T) ACEI/ARB(100%)+BB(59%)+MRA(15%) 0.8 {0.6-1.0) _ 0.63 (0.44, 0.92) 0.015
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA(0%) 0.7 {0.5-0.9) —_— 0.54 (0.36, 0.82) 0.004
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA(100%) 0.5(0.3-0.7) B 0.36 (0.22, 0.58) <0.001
T T T T T T
¥ P o P LE »'-'f’s-"e'&:‘g

Annual rates are shown as pump failure death per 100 patient-years.
Hazard ratios shown were compared to the placebo arm of CHARM-Preserved (N=10,515).

C denotes control arm; T, experimental treatment arm.

Figure 6-15 Hazard ratio for pump failure death across the trial arms in HF-PEF with
adjustment for 8 conventional covariates

Trial arm Medication Annual rate HR([95% Cl)  pvalue
CHARM-Preserved (C)  ACEI/ARB{18%)+BB(55%)+MRA(12%) 1.2 (0.9-1.6) reference -
CHARM-Preserved (T)  ACEI/ARB(100%)+BB(56%)+MRA(11%) 1.1 (0.8-1.4) — 1 089(0.60,132) 0.573
I-PRESERVE {C} ACEI/ARB(25%)+BB(58%)+MRA(15%) 0.7 (0.5-0.8) _ 0.40 (0.27,0.60) <0.001
I-PRESERVE (T) ACEI/ARB(100%)+BB(59%)+MRA(15%) 0.8 (0.6-1.0) —_— 0.48 (0.33,0.71) <0.001
TOPCAT (C) ACEI/ARB(84%)+BB(77%)+MRA(0%) 0.7 (0.5-0.9) S — 0.53(0.34,0.82) 0.005
TOPCAT (T) ACEI/ARB(84%)+BB(78%)+MRA({100%) 0.5 (0.3-0.7) S — 0.34(0.21,0.56) <0.001

T T T T T T

Annual rates are shown as pump failure death per 100 patient-years.

Hazard ratios were adjusted for conventional covariates including age, sex, NYHA class, LVEF,
systolic blood pressure, HF hospitalisation within the last 6 months, and a history of myocardial
infarction, hypertension and diabetes (N=10,506). Hazard ratios shown were compared to the
placebo arm of CHARM-Preserved. C denotes control arm; T, experimental treatment arm.
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Figure 6-16 Hazard ratio for pump failure death across the trial arms in HF-PEF with
adjustment for 8 conventional covariates and eGFR

Annual rates are shown as pump failure death per 100 patient-years.

Panel A, HRs were adjusted for conventional confounding variables in the subset of patients with
eGFR measurements available (N=8492); Panel B, adjustment for conventional covariates and
eGFR in the subset of patients with eGFR measurements available (N=8492); Panel C,
adjustment for conventional covariates and eGFR with simple imputation of eGFR levels
(N=10,506). HRs shown were compared to the placebo arm of CHARM-Preserved. C denotes
control arm; T, experimental treatment arm.

Figure 6-17 Hazard ratio for pump failure death across the trial arms in HF-PEF with
adjustment for 8 conventional covariates, eGFR and NT-proBNP

Annual rates are shown as pump failure death per 100 patient-years.






























































































































































































































